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SUMMARY 


The  purpose  of  the  reported  effort  was  twofold:  (1)  to  develop  rotary- wing 
landing  gear  concepts  and  criteria  which ,  when  applied ,  would  lessen  the 
magnitude  of  crash  forces  transferred  to  occupiable  areas  of  helicopters 
involved  in  severe  but  survivable  accidents;  (2)  to  use  the  concepts  and 
criteria  to  design ,  fabricate ,  and  t-e^t  an  experimental  prototype  skid 
landing  gear  system . 

The  program  was  conducted  in  several  phases.  Landing  gear  design  criteria, 
crash  criteria,  energy -absorbing  design  criteria,  anc'  applicable  specifications 
were  collected  and  analyzed  to  establish  the  state  of  the  art  in  landing  gear 
design  and  energy -absorber  design . 

Once  this  was  accomplished ,  the  data  were  used  to  develop  preliminary  design 
criteria  and  concepts  for  three  classes  of  rotary -wing  aircraft .  The  concepts 
were  selected  to  be  compatible  with  combined  loads  and  various  attitudes .  The 
final  phase  consisted  of  fabricating  and  drop  testing  a  skid-type  crash  force 
attenuation  1  an  din  g'  gear  system. 

The  compilation  of  existing  landing  gear  design  criteria  and  the  selection  of 
practical  energy-absorbing  hardware  provided  data  necessary  to  develop 
realistic  concepts .  Concepts  of  energy-absorbing  landing  gear  were  developed 
for  medium  cargo  (CH) .  utility  (UH) ,  and  light  observation  (LOH)  class 
vehicles .  Because  it  appeared  conceptually  better  to  add  more  independent 
energy  attenuation  capability  rather  than  incorporate  that  capability  into  the 
existing  skid  configuration,  the  UH-1  concept  selected  for  design,  fabrication, 
and  test  was  that  of  an  "additional"  skid  beneath  the  fuselage . 

The  UH-1  energy  attenuation  system  and  test  vehicle  were  fabricated  and  impact 
tested .  The  failure  of  the  energy  absorbing  system  to  perform  as  predicted 
and  a  consequent  structural  failure  of  the  vehicle  negated  the  results  of  the 
first  test  and  resulted  in  discontinuance  of  further  testing .  A  trade-off 
study  using  impact  criteria  and  hardware  design  data  led  to  the  conclusion 
that  this  energy -absorbing  landing  gear  skid  concept 'is  practical  only  at 
higher  impact  velocities  than  originally  assumed . 
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This  report  was  prepared  for  the  Eustis  Directorate  of  the  U  .S .  Army 
Air  Mobility  Research  and  Development  Laboratory,  Fort  Eustis,  Virginia, 
by  Beta  Industries ,  Inc . ,  Dayton ,  Ohio .  The  research  was  conducted 
under  Contract  DAAJ02-70-C-0055,  Project  1F162203A529 . 

The  effort  was  concerned  with  the  improvement  of  landing  gear  design 
criteria  as  a  portion  of  the  overall  problem  of  improved  helicopter 
crashworthiness .  Many  individuals  contributed  to  the  initial  phase 
of  the  program.  Landing  gear,  airframe,  and  energy-absorber  manufac¬ 
turers,  Governmental  agencies  concerned  with  landing  gear  systems 
and  criteria,  and  many  others  concerned  with  crash  safety  contributed 
to  the  collection  of  the  initial  criteria . 
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CHAPTER  1 
INTRODUCTION 

The  objective  of  the  total  program  was  twofold.  First,  it  was  desired 
to  develop  rotary-wing  landing  gear  concepts  and  criteria  which, 
when  applied  to  Army  helicopters,  will  lessen  the  magnitude  of  the 
crash  forces  transferred  to  the  occupiable  areas  of  helicopters  involved 
in  severe  but  survivable  accidents  without  producing  failure  loading 
on  the  airframe .  Secondly ,  based  upon  the  developed  concepts  and 
criteria,  a  skid-type  landing  gear  was  to  be  designed,  fabricated 
and  tested  to  demonstrate  the  validity  of  the  approach . 

The  program  consisted  of  three  phases.  The  first  phase  investigated 
and  evaluated  the  state  of  the  art  of  landing  gear  design  and  design 
criteria,  and  design  and  design  criteria  of  energy-absorbing  devices. 
Before  improvements  are  made  in  the  crashworthiness  of  helicopters 
by  improved  landing  gear  concepts,  it  is  necessary  to  be  knowledgeable 
about  current  landing  gear  design  criteria  and  design  practices . 

Several  questions  need  to  be  answered.  How  many  conditions  influence 
the  design  of  the  landing  gear?  Does  a  landing  load  generate  the  most 
severe  stress  with  least  margin  of  safety?  What  type  of  device  is 
a  landing  gear?  Is  the  design  of  an  elastic  tire ,  viscoelastic  shock 
strut  and  elastic  wing  amenable  to  simplified  analysis?  What  initial 
conditions  exist  before  a  landing?  What  is  a  reasonable  sink  race  at 
touchdown?  What  force  levels  are  permissible  with  a  given  energy- 
absorber  type  for  a  specific  stroke  length?  In  order  to  develop  practical 
energy-absorbing  landing  gear  designs  and  concepts,  reasonable 
and  realistic  quantative  data  must  be  available  to  infer  the  practical 
and  theoretical  limits  of  the  concepts . 

The  purpose  of  the  second  phase  was  to  develop  feasible  design  criteria 
and  concepts  for  energy-absorbing  landing  gear  designs  for  three 
classes  of  U.S  .Army  helicopters  .  The  results  of  Phase  I  were  applied 
to  develop  skid  type  concepts  for  LOH  and  UH  helicopter  classes,  and 
one  wheel-type  concept  was  developed  for  the  CH  class  helicopter . 

The  concepts  developed  were  capable  of  attenuating  crash  forces  transmitted 
in  upward,  aftward,  and  sideward  directions.  Additional  design  factors 
such  as  simplicity,  weight,  and  cost  were  considered  during  this 
phase . 

The  last  phase  required  demonstration  of  the  feasibility  of  one  concept 
by  designing,  fabricating,  instrumenting,  and  testing  a  skid-type 
crash  force  attenuating  landing  gear  system  for  the  UH-1H  helicopter. 

The  data  developed  were  used  to  examine  the  established  criteria 
and  to  conduct  a  trade-off  study  of  weight  versus  performance  for 
that  skid  concept. 
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CHAPTER  2 

PHASE  I  -  STATE-OF-THE-ART  SURVEY 


2.1  INTRODUCTION 

The  specific  goals  of  Phase  I  were: 

1 .  Review  the  Crash  Survival  Design  Guide . 

2 .  Conduct  a  literature  search  and  investigation  into  the  state  of  the 
art  of  landing  gear  design  and  criteria ,  and  characteristics  of 
load-limiting  devices . 

3 .  Consider  landing  gear  operational  and  crash  environments . 

4.  Evaluate  five  types  of  load-limiting  devices:  rolling  torus, 
liquid  spring ,  compression  of  honeycomb ,  inverted  tubes , 
tube  flaring. 

5.  Consider  seven  sources  of  information:  The  U.S.  Army  Agency 
for  Aviation  Safety  (USAAAVS) ,  airframe  manufacturers,  load- 
limiting  device  manufacturers,  appropriate  governmental  agencies, 
military  standards  and  specifications,  and  landing  gear  manufacturers. 

2.2  INITIAL  RESEARCH  AND  DATA  SURVEY 
2.2.1  Review  of  Crash  Survival  Desi g n  Guide1 

The  Crash  Survival  Design  Guide  was  reviewed  as  a  means  of  becoming 
familiar  with  the  subject  of  energy-absorbing  landing  gear  and  becoming 
aware  of  the  crashworthiness  philosophy  that  is  the  basis  for  improving 
landing  gear  design .  Reference  1  notes  that  the  landing  gear  is  an 
important  means  of  attenuating  vertical  impacts  and  that  there  is  the 
potential  ability  to  dissipate  impact  velocities  far  greater  than  currently 
considered;  however,  it  is  not  pointed  out  how  a  landing  gear  system 
behaves  as  a  function  of  input  conditions  nor  is  it  pointed  out  for  what 
conditions  a  landing  gear  is  designed  relative  to  a  crash  design 
consideration .  It  is  possible  to  say  that  improvements  can  be  made,  but 
difficult  to  say  whether  the  improvement  is  significant  and  acutely  depen¬ 
dent  upon  the  input  conditions . 

The  primary  results  of  the  review  were  to  recognize  that  human  tolerance 
data  are  available  and  statistical  information  is  available  for  crash 
input  accelerations  and  velocities.  Analysis  methods  are  recommended, 
and  the  philosophy  cf  crashworthiness  design  is  presented . 
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One  of  the  most  important  results  of  the  review  was  the  recognition  that 
a  significant  amount  of  research  must  yet  be  done  in  the  area  of  energy- 
absorbing  landing  gear  in  order  to  realistically  evaluate  the  potential  that 
exists . 

2.2.2  Literature  Surveys 


Several  literature  searches  were  initiated  at  the  beginning  of  the  program . 
Fifty-six  reports  were  compiled  from  the  Defense  Documentation  Center 
(DDC)  in  the  area  of  landing  gear  and  approximately  eight  hundred  relative 
to  energy-absorbing  devices .  The  Department  of  Commerce  Clearinghouse 
supplied  15  landing  gear  and  7  energy-absorber  reports,  and  47  current 
research  projects  on  landing  gear  and  12  on  energy  absorbers  were  supplied 
by  the  Smithsonian  Information  Exchange . 

The  data  collected  were  reviewed  and  pertinert  reports  were  ordered 
through  the  appropriate  agency. 

2.2.3  Government  and  Industry  Survey 

Letters  were  sent  to  the  following  landing  gear  manufacturers,  energy- 
absorber  manufacturers,  airframe  manufacturers,  and  governmental  agencies. 
The  companies  and  agencies  contacted  were: 


Major  Airframe  Manufacturers 
Beech  Aircraft  Corp . 

Bell  Helicopter  Company 
Del  Mar  Engineering  Labs 
Fairchild  Hiller  Corp . 

Gates  Learjet  Corp . 

Gyrodyne  Company  of  America 
Hughes  Tool  Co . ,  Aircraft  Div . 
Kaman  Aircraft  Corp . 

Lockheed  California  Co. 
Piasecki  Aircraft  Co . 

Sikorsky  Aircraft  Division 
Vertol  Division,  Boeing  Co. 


Landing  Gear  Manufacturers 
AH  American  Engineering 
Bell  Helicopter  Company 
Bendix  Energy  Control  Div . 
Cleveland  Pneumatic  Tool  Co . 
Goodyear  Aerr  space  Corp  . 
Houdaille,  Hydraulics  Div. 
I.C.C.  Special  Corp. 

Menasco  Manufacturing  Co . 
Royal  Industries,  Inc. 

Vertol  Division ,  Boeing  Co . 


Energy-Absorber  Manufacturers 
Aerospace  Research  Assoc . 

All  American  Engineering 
Amerj  :an  Chain  &  Cable 
Arde 

Engineering  Design  Services 
General  Motors  Research  Lab 
Hardman  Aerospace 
Houdaille ,  Hydraulics  Div . 
Integrated  Dynamics,  Inc. 
Mechanical  Research,  Inc. 

Taylor  Devices,  Inc. 

U.O.P.,  Aerotherm  Div. 


Governmental  Agencies 
Federal  Aviation  Agency 
NASA,  Ames  Research  Center 
(Energy  Absorbers) 

National  Transportation  Safety 
Board 

Naval  Air  Development  Center 
USAF  Aeronautical  Systems  Div . 
USAF  Flight  Dynamics  Laboratory 
U.S.  Army  Aeromedical  Research 
Laboratory 

U.S.  Army  Agency  for  Aviation 
Safety 
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2.2.4  Periodicals  and  Research  Reports  Researched 


All  post  World  War  II  NASA  and  NACA  reports  were  scanned  for  pertinent 
data.  The  Journals  of  the  American  Helicopter  Society  were  reviewed, 
as  were  the  International  Aerospace  Abstracts  and  the  Engineering  Indexes. 

2.2.5  Personal  Contacts 

At  the  beginning  of  the  program  it  was  realized  that  good  technical 
quantitative  data  would  be  difficult  to  obtain  for  Army  helicopters.  Since 
the  helicopters  were  designed  under  ANC-2,  or  were  direct  purchase  items, 
there  were  no  reports  necessarily  required  to  prove  the  design  and 
present  the  analysis.  For  this  reason,  contacts  wtre  made  at  Wright- 
Patterson  Air  Force  Base  to  locate  reports  which  are  required  for  Air  Force 
helicopters  purchased  under  MIL-S-8698.  These  efforts  led  to  the  review 
of  CH-53,  UH-1F,  and  HH-43  reports  at  Warner-Robins  Air  Force  Base. 

2.3  LANDING  GEAR  DESIGN  AND  DESIGN  CRITERIA 

2.3.1  Industrial  Survey  Results 

Twelve  airframe  and  nine  landing  gear  manufacturers  were  surveyed .  At 
the  end  of  Phase  I ,  eight  airframe  manufacturers  and  seven  landing  gear 
manufacturers  had  responded .  Of  these ,  two  airframe  companies  indicated 
they  could  not  or  would  not  help ,  and  two  landing  gear  manufacturers 
did  not  provide  quantitative  data .  The  results  of  the  survey  are  shown  in 
Table  I. 

Several  manufacturers  indicated  areas  where  the  questions  did  not  apply 
(DNA)  .  As  an  example,  a  manufacturer  of  landing  gears  was  not  concerned 
with  a  dynamic  analysis  since  the  major  airframe  contractor  supplied  all 
design  specifications.  No  dynamic  analysis  by  the  landing  gear  subcontractor 
was  required.  Similarly,  if  no  dynamic  analyses  were  conducted,  no  compari¬ 
sons  could  be  made.  Lastly,  cost  guidelines  would  not  influence  the  design 
specifications  of  the  landing  gear  manufacturers,  if  the  design  were  that 
of  the  prime  airframe  manufacturer . 

The  overall  results  are  rather  surprising  considering  the  state  of  the  art 
of  landing  gear  analysis  techniques .  The  specifications  called  out  establish 
helicopter  design  criteria,  landing  gear  criteria,  and  test  requirements. 
Additionally ,  there  are  general  information  types  of  specifications  such  as 
the  HIAD  and  U  .S  .N .  SD-24J  .  The  surprising  aspects  are  those  related 
to  the  dynamics  aspects  of  the  helicopter/ landing  gear  system.  In  only  one 
case  was  the  landing  gear  force  displacement  profile  considered  as  an  input 
requirement.  In  onlv  two  cases  were  crash  loads  considered;  one  of  these 
was  the  FAA  requirement  for  fuselage  crash  accelerations  which  is  so  low 
that  they  are  unrealistic  for  crash  acceleration  inputs  to  the  landing  gear . 

As  an  exa  nple,  the  emergency  landing  conditions  of  Federal  Aviation 
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TABLE  I.  SURVEY  RESULTS 

_ Manufacturer 

1 

2 

3 

4 

5 

6 

7 

8 

1.  Criteria 

(a)  What  specifications  were 
followed  ? 

MIL-A  8860  Series 

X 

X 

MIL-S-8698 

X 

X 

X 

X 

X 

X 

MIL-S-8552 

X 

X 

X 

MIL-E-5272 

X 

MIL-T-8679 

X 

FAR  29 

X 

X 

X 

X 

HIAD 

X 

SD-247  (Navy) 

X 

AR-56  (Navy  MIL  S^698) 

X 

(b)  Were  force-displacement 
or  force-time  profiles 
specified  ? 

No 

No 

No 

No 

Yes 

No 

No 

No 

(c)  Were  crash  loads  specified? 

No 

No 

No 

No 

Yes 

Yes 

No 

No 

2.  Design  and  Analysis 
(a)  Was  a  complete  dynamic 
analysis  conducted? 

DNA 

No 

No 

Yes 

Yes 

No 

No 

No 

(b)  If  not,  were  dynamics  con¬ 
sidered  ? 

No 

No 

Yes 

Yes 

Yes 

Yes 

(c)  Was  there  crash  analysis? 

No 

No 

No 

Yes 

Yes 

No 

No 

3.  Test  Data 

(a)  Was  a  full-scale  test  conducted? 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

(b)  How  did  data  compare  with 
analysis,  favorably? 

Yes 

DNA 

Yes 

Yes 

Yes 

Yes 

4.  Cost  Information 
(a)  Are  cost  guidelines  available? 

DNA 

DNA 

None 

None 

None 

None 

Sfes 

Yes! 

NOTE:  DNA  -  Questions  did  not  apply 


Regulations  Part  29  states  that  the  design  downward  deceleration  level  is 
4 .  OG .  Only  two  manufacturers  conducted  a  complete  dynamic  analysis  to 
determine  the  mutual  response  of  vehicle  and  landing  gear.  The  others  who 
considered  dynamic  response  used  the  techniques  suggested  in  ANC-2  and 
MIL-A-8862  to  evaluate  spin-up  and  spring-back.  Apparently,  the 
acceptability  of  the  landing  gear  system  is  based  upon  the  full-scale  test. 

The  peak  acceleration  of  the  payload  must  fall  below  a  specified  limit,  and 
the  efficiency  of  the  force-displacement  profile  nust  be  greater  than  a 
specified  limit.  The  end  product  always  provir  ed  data  indicating  a  con¬ 
servative  design .  Cost  information  is  limited  primarily  because  the 
manufacturer  emphasizes  that  the  weight  of  the  landing  gear  is  the  dominant 
factor.  Some  trade-off  may  have  been  made  in  preliminary  design,  but 
generally  weight  overshadows  cost  consideration . 

Several  of  the  primary  specifications  will  be  briefly  reviewed  to  indicate 
their  scope . 

1 .  MIL-S-8698,  Structural  Design  Requirements,  Helicopters. 

Definitions  are  established  for  strength,  factor  of  safety,  gross 
weights,  and  load  factors  .  Ground  loading  conditions  are  specified 
in  terms  of  landing  parameters,  landing  conditions,  taxiing  and 
ground  handling  ,  and  crash  landing.  Most  of  the  conditions  to 

be  examined  are  directly  related  to  ANC-2  requirements .  The  ultimate 
inertia-load  factors  for  crash  landing  are  not  specified,  but  it 
is  inferred  that  they  will  be  specified  by  the  procuring  agency . 

2 .  ANC-2,  Ground  Loads 

This  bulletin  is  the  basis  for  all  subsequent  ground  loads  data 
and  its  content  is  similar  to  that  of  MIL-S-8698 .  However, 

ANC-2  also  presents  acceptable  means  of  calculating  dynamic 
landing  loads.  The  analyses  are  based  upon  a  specified  maximum 
inertial  load  factor  and  a  half-sine  acceleration  pulse  input. 

3 .  MIL-A-8862,  Airplane  Strength  and  Rigidity  Landplane 
Landing  and  Ground  Handling  Loads . 

Definitions  and  ground  load  conditions  are  similar  to  previous 
specifications,  and  included  within  this  is  the  dynamic  analysis 
technique  specified  in  ANC-2  . 

4 .  MIL-L-8552-C ,  Landing  Gear  Aircraft  Shock  Absorber  (Air- 
Oil  Type;  . 

The  primary  contribution  of  this  specification  to  this  effort 
is  the  definition  of  landing  gear  efficiency .  The  percent 
efficiency  is  the  total  energy  absorbed  divided  by  the  product 
of  peak  force  and  peak  stroke .  The  load  factor  produced 
during  testing  is  not  to  be  greater  than  that  specified  for  the 
particular  aircraft. 
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5 .  MIL-T-6053B,  Tests,  Impact,  Shock  Absorber,  Landing 
Gear,  Aircraft 

The  purpose  of  this  specification  is  to  standardize  impact 
testing  procedures  on  landing  gear  shock  absorbers .  Design 
landing  tests,  miscellaneous  landing  tests,  airplane  growth 
tests,  and  reserve  energy  tests  are  specified.  Each  heli¬ 
copter  has  a  specified  weight,  sink  rate,  attitude,  wheel 
speed,  strut  pressure,  and  oil  volume  The  "adjusted  mass" 
method  of  testing  is  defined  in  this  specification . 

6. 

Rotorcraft,  and  Part  29,  Transport  Category  Rotorcraft. 
Strength  requirements  and  design  and  construction  considera¬ 
tions  are  specified  for  wheel  and  skid-type  landing  gear. 
Assumptions,  landing  conditions,  and  test  requirements  are 
defined . 

The  specifications  listed  impose  many  design  conditions  upon  the  landing 
gear.  These  can  be  categorized  into  towing,  taxiing,  jacking,  securing, 
and  landing  loads.  The  first  four  conditions  are  found  in  Table  III  of 
MIL-A-8862  and  appropriate  chapters  of  A  ^0-2. 

The  criteria  that  dictate  the  design  of  a  landing  gear  for  landing  loads 
are  so  extensive  that  it  is  necessary  to  tabulate  the  many  conditions  as 
shown  in  Table  II.  Two  conditions  may  be  redundant.  That  is,  the 
obstruction  loads  are  in  place  of  the  drift  loads  if  MIL-S-8698  is  followed. 
If  we  consider  the  first  7  conditions  as  being  those  specified  (the  CH-46D 
was  so  designed)  ,  there  are  36  different  sets  of  forces  assuming  only  one 
sink  rate,  one  gross  weight,  and  one  strut  extension  length  for  each 
condition . 

The  specifications  examined  to  this  point  indicate  that  there  are  92 
conditions  that  dictate  the  design  limit  loads  for  one  landing  gear . 

Not  to  be  ignored  are  the  criteria  for  skid-type  landing  gear.  The 
detailed  criteria  come  from  ANC-2  (Chapter  6) ,  FAR  29.501,  and  FAR 
27 . 501 .  The  former  requires  examination  of  a  level  landing  with  a 
vertical  component  and  a  rearward  component  acting  through  the*  center 
of  the  skid's  contact  area.  The  rearward  component  is  one-half  the 
magnitude  of  the  vertical.  Another  condition  has  similar  forces,  but  the 
rearward  component  is  replaced  by  a  lateral  force .  The  last  condition 
is  a  15-degree  nose  down  with  ground  reactions  applied  through 
the  most  forward  point  suitable  for  application  of  the  force . 

The  Federal  Air  Regulations  are  most  extensive  in  that  they  specify  one 
skid  landing  loads  and  two  special  conditions.  Side  loads  are  one-quarter 
instead  of  one-half  cf  the  vertical  force,  and  the  forces  are  distributed 
over  the  surface  of  one  skid  only .  The  special  conditions  are  an  oblique 
load  at  45  degrees  to  the  longitudinal  axis  acting  up  and  aft,  and  an  exam¬ 
ination  of  the  vertical  ground  reaction  applied  at  the  skid  tube  fuselage 
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attachment  and  the  midpoint  of  the  skid  .  The  ultimate  loads  are  dictated 
by  a  drop  height  of  1 .5  times  that  of  the  conventional  landing  gear  specifi¬ 
cation  and  an  assumed  rotor  lift,  limit  of  rot  more  than  1,5  times  the  conven¬ 
tional  requirement . 

2.3,2  Landing  Gear  Design 

It  appears  that  there  is  a  vast  amount  of  direction  for  calculating  the  loads 
generated  in  a  landing  gear.  There  are  strut  extensions,  gross  weights, 
sink  rates,  rotor  lift  values,  orientations,  and  many  other  specified 
aspects .  However,  they  are  all  sti  ;  not  sufficient  to  calculate  the  first 
landing  impact  load.  The  specifications  always  referred  to  a  maximum 
vertical  reaction ,  or  a  maximum  inertial  load  factor ,  or  an  acceleration 
maximum  that  would  initiate  the  analysis .  Where  does  this  key  quantity 
come  from?  The  answer  is  within  the  specifications,  but  not  quantitatively. 
ANC-2  states  that  "the  ground  reaction  factors ,  N  .  .  .  shall  be  specified 
by  the  procuring  service.  .  .".  This  is  not  clarified  in  MIL-S-8698. 

The  Federal  Air  Regulations  state  that  "the  landing  inertial  load  factor .... 
must  be  substantiated  by  tests";  the  load  factor  is  not  specified. 

The  basic  problem  was  that  of  determining  the  forces  and  accelerations 
throughout  an  elastic  system  without  conducting  a  dynamic  analysis.  The 
results  of  the  industrial  survey  indicated  that  a  dynamic  analysis  was 
generally  not  conducted,  and  the  dynamic  analysis  techniques  of  ANC-2 
(Chapter  7)  are  not  capable  of  defining  impact  inputs.  However,  essentially 
three  approaches  are  currently  taken  and  one  other  exists. 

The  first  approach  is  that  of  accepting  a  specified  acceleration  level.  In 
the  detailed  specification  for  a  helicopter  procurement,  the  manufacturer 
or  the  procuring  agency  may  specify  that  an  inertial  acceleration  level  is 
realistic  based  upon  previous  test  results  and  design  experience .  If 
the  acceleration  level  is  specified  and  the  mass  of  the  vehicle  is  known,  the 
force  the  landing  gear  carries  is  easily  calculated,  and  this  is  the  maximum 
force  that  provides  the  basis  for  all  other  drag  and  sic  e  forces . 

Another  similar  approach  is  to  use  the  fuselage  design  load  factor.  MIL- 
S-8698  specifies  a  maximum  acceleration  of  3 .5  for  Class  1  helicopters  . 

If  this  is  used  to  specify  the  peak  fuselage  acceleration  permitted  by  the 
landing  gear ,  then  the  dynamics  have  again  been  eliminated  from  the 
design .  The  landing  gear  manufacturer  again  knows  the  weight  supported 
by  the  landing  gear  and  therefore  can  calculate  the  peak  force  that  the  strut 
must  carry . 

An  energy  approach  is  also  used ,  The  relation  between  potential  energy 
and  kinetic  energy  before  and  after  a  given  drop  condition  can  provide 
an  acceleration  level  if  an  oleo  efficiency  is  assumed .  Since  the  oleo  must, 
by  specification,  eventually  achieve  a  given  level,  it  is  reasonable  to 
assume  that  a  value  can  be  specified.  The  basic  equation  is 
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^hree  Point  Landing 


1  Condition 

1 

Max. 

Spin- 

Up 

Dynamic 

Spring- 

Back 

Max. 

Vertical 

Reaction 

Max. 

Spin- 

Up 

Dynamic 

Spring- 

Back 

Max. 

Vertical 

Reaction 

Max. 

Spin- 

Up 

1 /ynar.icMax.  (6) 

Spring-  Vertical 
Back  Reaction 

Ref.  Spec. 

&  Para. 

ANC-2 
2.  21 

2.  312 

ANC-2 

2.22 

2.  312 

ANC-2 

2.  23 

2.  312 

MIL-S-8698 

3.  4.  5.  4 

ANC-2 
2.  21 

2.  311 

ANC-2 

2.  22 

2.  311 

ANC-2 

2.  23 

2.  311 

ANC-2 
2.  21 

2.  314 

t\NC-2  ANC-2 
2.22  2.23 

2-314  2.314 

Main  V™ 
Gear  M 

Loading  Dm 

(Each  Sj^ 

&ar) 

(2) 

(2) 

nWg 

1/4  VM 
and 

zero 

(2) 

and 

(8) 

(2) 

and 

(8) 

V!WlS} 

1/4  VM 
and 

zero 

(2) 

nWg 

(2)  1/4  Vm 

and 

zero 

Nose  VA 
Loading  DA 
(5)  SA 

(2) 

and 

(8) 

(2)  &  (8) 

nW|K%] 

1/4  VA 

Load  is 
applied  at 

t 

Axle 

C 

Axle 

t 

Axle 

t 

Axle 

t 

Axle 

c 

Axle 

t 

Axle 

t  ^ 

Axle  Axle 

nV\'g 
-1/2  V; 


C  1 

1 

Axle  \ 


Auxiliary  Gear  Just  Clear 


Three  Point 
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SYMBOLS: 

a  *  distance  between  c.  g.  and  main  gear  reaction  parallel  to  ground  line, 
b  =  distance  between  c  .  g.  and  auxiliary  gear  reaction  parallel  to  ground  line, 
d  =  distance  between  main  and  auxiliary  gear  reaction  points  parallel  to  ground  line, 
e  =  distance  between  c.  g.  and  axle  center  line  perpendicular  to  ground  line. 

Vm  or  VA  =  vertical  gear  load  (main  or  auxiliary)  perpendicular  to  ground  line, 
positive  up. 

Dj^  or  Da  =  drag  gear  load  (main  or  auxiliary)  in  the  forward  or  aft  direction 
parallel  to  the  ground  line,  positive  aft. 

Sft/j  or  SA  =  side  gear  load  (main  or  auxiliary)  in  the  lateral  direction  parallel 
to  the  ground  line,  positive  when  outboard, 
n  =  Landing  gear  load  factor;  the  ratio  of  the  vertical  ground  reaction  on  any 
gear  to  the  effective  weight  over  the  gear  during  landing  impact. 

Wl  "  Landing  gross  weight  or  alternate  design. 

Wg  =  Effective  weight  over  any  gear  during  landing  impact. 
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BLE  II.  LANDING  GEAR  DESIGN  CRITERIA  (LIMIT  LOADS) 


(Ref.  Para.  3.  4  of  MIL-S-8698,  Chapter  2  of  A NC -2 
and  FAR  27,  Para.  27.  485) 
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as  neither  a  spin-up  or  dynamic  spring-back  condition. 

does  recognize  spin-up  loads  and  requires  use  of  a  ground  speed  that  is  75  percent 
imum  forward  speed  for  minimum  rate  of  descent  in  autorotation, 
tial  loads  are  calculated  based  upon  specified  sink  rates  and  rotor  life  values. 
S-8698  states  8  ft/sec,  rotor  lift  of  2/3  basic  design  gross  weight  and  alternately 
ec  with  rotor  lift  ©f  2/3  design  alternate  gross  weight.  FAR  2  7  requires  a  drop 
t  of  13  inches  with  2/3  gross  weight  rotor  lift.  FAR  29  requires  at  least  8  inches 
ght. 

Sm  are  applied  to  one  gear  at  a  time.  The  opposite  gear  is  loaded  with  Vjyj. 

■y  gear  are  swiveled  in  the  direction  of  the  transverse  loads  or  locked  in  the  aft 

ion 

s  are  applied  throughout  the  entire  vertical  travel  except  that  spin-up  and  spring¬ 
loads  are  combined  with  the  vertical  load  at  the  time  of  max  forward  or  aft  load. 
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NOTES:  (Cont'd. ) 

6.  Unbalanced  moments  are  reacted  by  helicopter  inertia. 

7.  Critical  center- uf-gravity  locations  are  tu  be  investigated 
for  each  landing  gear  unit. 

8.  The  rate-of-descent  energy  is  apportioned  in  accordance 

with  jt*’  Ijad  factor  wnic-al  «ul  Ijad  factor 

horizontal  acting  through  the  vehicle  center  of  gravity. 

9.  There  is  some  conflict  between  MIL-S-8698  and  ANC -2 
but  it  appears  the  forward  velocity  should  be  zero  with 
zero  drag  force,  and  autorotating  velocity  for  the  three 
ground  reactions. 

10.  If  there  should  be  two  wheels  forward,  FAR's  27  and  29 

would  require  examination  of  60%  and  40%  load  distribution. 
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(l) 


is  the  weight  of  the  vehicle  (lb) 
is  the  total  deflection  of  the  vehicle  (in . ) 
is  the  tire  energy  (in.  -  lb) 

is  the  vertical  displacement  due  to  oleo  movement  (in . ) 
is  the  load  factor  (dimensionless) 
is  rotor  lift  (lb) 

is  the  efficiency  of  the  landing  gear  (dimensionless) 


The  use  of  efficiency  implies  that  there  is  a  constant  force  stroke  of 
the  oleo  during  impact .  A  square  wave  is  assumed ,  but  the  dynamic 
response  of  the  system  due  to  a  square  wave  is  ignored .  This  provides 
some  means  of  calculating  a  load  factor  from  a  sink  rate,  rotor  lift,  and 
gross  weight . 

The  possible  final  approach  in  generating  landing  loads  is  to  calculate 
the  dynamic  response  as  it  would  naturally  occur .  The  best  example  of 
this  is  the  skid-type  device .  The  skid  behaves  as  an  elastic-plastic 
element .  There  are  established  procedures  for  calculating  the  plastic 
bending  curve  of  a  beam  and  thgn  the  load  deflection  due  to  both  the 
elastic  and  plastic  deformation .  The  load-  deflection  curve  is  then  used 
as  a  nonlinear  spring  element  in  a  dynamic  system . 


The  system  has  a  given  weight,  sink  rate,  rotor  lift,  and  stiffness.  The 
equations  of  motion  are  placed  in  a  digital  program  and  the  accelerations, 
load  factors,  and  deflections  are  calculated  by  an  iterative  process. 

These  are  the  four  methods  of  deriving  maximum  force  or  acceleration 
response  of  a  helicopter  to  an  impact  condition .  The  techniques  used  vary 
from  manufacturer  to  manufacturer,  but  the  primary  method  is  evidently 
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to  proceed ,  based  upon  specified  values ,  and  then  later  test  to  the  design 
limits . 


2. 3. 2.1  Oleo-Strut  Wheel  Landing  Gear  Design 


The  oleo  strut  wheel  landing  gear  is  essentially  an  air-oil  hydraulic  cylinder. 
The  system  is  shown  below: 


Applied  Force  ^ 


The  cylinder  is  pressurized  with  an  air  pressure  that  acts  to  balance  the 
static  loads  of  the  vehicle  and  the  dynamic  loads  during  taxi .  The  air 
trapped  within  the  cylinder  follows  the  laws  governing  compressibility 
of  a  gas  in  a  closed  container  and  is  simply  described  by 

n  n  tr  n 

(2) 


P  V 
11 


=  P  V 
2  2 


2 

where  P  is  the  pressure  of  the  gas^  (lb/in.  ) 

V  is  the  specific  volume  (in  ./lb  m) 

the  su  bscripts  1  and  2  define  the  initial  and  final  states 
of  the  gas  respectively  . 

During  taxi,  the  vehicle  rides^pi^  an  air  cushion  as  the  strut  strokes  through 
the  cylinder.  In  some  cases,  *  the  pressure -volume  curve  has  been 
specified  as  a  design  criterion  to  provide  a  desired  "ride  quality" .  Since 
the  heat  transferred  to  and  from  the  gas  is  small  under  taxi  conditions, 
the  process  is  essentially  isothermal .  This  is  not  q\iite  true  for  impact 
conditions,  and  values  of  1.06  have  been  used  for  n  . 


The  hydraulic  portion  of  the  cylinder  is  for  impact  conditions .  As  the 
fluid  is  forced  through  an  orifice ,  the  pressure  in  the  piston  is  defined 
by  Bernoulli's  principle  for  an  ideal  fluid.  The  hydraulic  force  becomes 

PAj(S)2 


2<GdV 


where  p  is  the  density  (lbm/in.  ) 
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2 

is  the  hydraulic  area  of  the  piston  (in .  ) 

S  is  the  stroke  velocity  (in. /sec) 

G  ,is  the  orifice  coefficient 
a 

A  is  the  orifice  area  (  in.^) 
n 

The  basic  equation  indicates  why  landing  gear  units  on  crash  tests  have  failed 
in  the  initial  instants  of  impact  without  absorbing  significant  energy. 

If  the  vehicle  impacts  with  a  high  velocity ,  the  relative  velocity  across 
the  strut  is  very  large  and  the  force  is  proportional  to  the  square  of  the 
relative  velocity.  The  strut  quickly  becomes  a  "rigid"  link  between  the 
ground  and  the  fuselage,  and  the  extreme  forces  remove  the  landing  gear 
from  its  attachment  points . 


The  1  aiding  gear  cylinder  also  resists  compression  through  bearing 
frictional  forces  that  act  upon  the  piston .  The  piston  is  supported  in 
the  manner  shown  to  resist  lateral  loads . 

Reactive  Force 


Reactive  Force 


F 


F 


(4) 


where  y  is  the  coefficient  of  sliding  friction 

Fg  is  the  bearing  force 

The  landing  gear  systems  reviewed  all  have  the  design  features  mentioned . 
Many  variations  are  possible.  The  orifice  usually  is  combined  with  a 
metering  pin  to  adjust  the  orifice  area  with  stroke  length .  Orifice  and 
relief  valve  combinations  are  used  to  introduc^  orifice  variation  as  a  function 
of  force .  Some  liquid  springs  have  been  used0  where  the  function  of  the 
air  pressure  is  replaced  by  compression  of  a  fluid.  These  are  a  few  of  the 
possible  variations  that  produce  desirable  refinements  of  the  response  but 
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do  not  alter  the  basic  characteristics  of  the  landing  gear . 

The  approach  to  the  design  of  a  particular  landing  gear  will  now  be  discussed 
to  demonstrate  the  various  steps  that  lead  to  a  finished  piece  of  hardware . 

The  major  airframe  manufacturer  generates  a  set  of  criteria  for  the  landing 
gear  design  subcontractor .  These  are  the  appropriate  military  specifications , 
preliminary  weight  estimates,  momerits  of  inertia,  center -of- gravity  location, 
landing  gear  stroke  requirements ,  and  vehicle  attitude . 

If  the  energy  relation  is  used,  the  sink  rate,  gross  weight,  and  oleo 
efficiency  are  used  to  calculate  a  load  factor .  This  is  calculated  for 
forward  and  aft  centers  of  gravity ,  as  well  as  selected  attitudes  such  as 
level-two  point,  level-three  point,  and  tail  down.  The  attitude  is  important 
because  it  modifies  the  stroke  of  the  oleo.  It's  assumed  the  vehicle  falls 
vertically ,  but  the  strut  compresses  along  its  axis .  The  output  from  the 
energy  equation  (1)  is  load  factor. 

The  load  factor  is  multiplied  by  the  gross  weight  and  a  summation  of 
forces  and  moments  calculated  for  each  landing  condition .  For  the 
level-three  point  condition  with  maximum  vertical  reaction,  it  is 
assumed  that  each  landing  gear  will  have  its  dynamic  vertical  force 
apportioned  according  to  the  static  distribution .  The  drag  forces  are 
one-quarter  of  the  vertical  forces ,  and  the  side  forces  are  zero 
(Table  II)  . 

Therefore  E  Fy  =  VA  +  VM  +  |  V/  -  NZW  =  0  (5) 

Z  M  =  VA(a+b)  -  Nz  W  (b)  (6) 

-  Tc  +  |  Wb  +  Ms  =  0 

Z  D  =  DA  +  DM  '  T  =  0  (7) 

Ms  =  moment  contribution 


and  the  system  is  solved  for  the  reactions  V^,  V^,  D^,  and  D^. 
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The  next  step  is  to  calculate  the  loads  in  the  landing  gear  axes .  This  is 
done  by  the  equations  of  the  form 

N  =  N  Cos  9  +  N  ,S  in  0  (8) 

2  v  d 

where  N  and  N  ,  are  the  load  factor  in  the  earth  axis  and  0  is  the 
attitude  of  the  strut  from  configuration  drawings  of  the  various  landing 
conditions  as  shown  in  the  next  diagram . 


The  strut  load  factors  N  ,  N  ,  and  Nz  are  then  used  to  calculate  the  forces 
that  each  landing  gear  r&ist  ^arry .  The  forces  are  tabulated  and  analyzed 
to  determine  those  conditions  that  are  critical . 


The  airframe  manufacturer  then  supplies  the  landing  gear  manufacturer 
with  the  critical  design  conditions  along  with  gross  weight,  maximum 
load  factor,  static  load,  stroke,  piston  diameter,  attachment  point 
locations,  overall  length,  and  tire  type.  The  landing  gear  manufacturer 
examines  each  condition  and  calculates  the  reaction  loads  due  to  each . 

The  design  is  significantly  influenced  by  pressure  considerations .  The 
air  pressure  within  the  cylinder  must  support  the  vehicle  in  a  static 
configuration .  The  design  specification  indicates  that  the  piston  is  of  a 
given  diameter  to  carry  the  maximum  forces  and  strokes  from  full  extension 
to  full  compression.  Additional  guidance  is  provided  in  MH,-L~8552C .  From 
the  various  design  conditions ,  the  maximum  axial  force  is  selected  for 
static  conditions.  It  is  desired  to  have  static  pressure  reasonably  low  (200 
to  500  lb/inf) ,  although  the  specifications  permit  2500  lb/in.  .  The  difficulty 
lies  in  that  decreased  pressures  dictate  large  pressure  areas,  whereas 
high  pressures  dictate  very  great  stresses  during  full  compression  and 
necessitate  increased  material  thicknesses . 

The  cylinder  must  be  designed  to  stroke  the  designed  full  stroke  plus  an 
amount  sufficient  to  alleviate  bottoming .  Reference  7  indicates  that  the 
additional  stroke  is  sufficient  to  create  a  compression  ratio  of  4.  Since  the 
static  to  full  stroke  dimension  is  known,  a  compression  ratio  of  4  then  dictates 
an  additional  stroke  calculated  by 
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(Full  stroke  -  Static  stroke)  +  Additional  stroke  ^ 

Additional  stroke 

The  relation  p.Vj’ *  =  p-v^l*  is  then  used  to  calculate  the  full  extended 
pressure  which  must  be  sufficient  to  insure  full  extension,  and  to  determine 
the  fully  compressed  pressure  which  is  approximately  a  limit  of  2500  psi . 

The  hydraulic  operation  of  the  strut  is  a  function  of  orifice  size  and 
metering  pin  design .  There  have  been  analytical  investigations  to  define 
the  orificg  area-stroke  relation  based  upon  a  desired  constant  force 
response” .  However ,  it  appears  that  the  design  is  more  a  function  of 
previous  experience .  Landing  gear  manufacturers  have  orifice  and 
metering  pin  data  available  with  orifice  coefficients  that  will  enable  them 
to  design  a  preliminary  configuration .  Since  the  configuration  is  selected 
based  upon  a  worst  condition,  it  remains  for  test  results  to  generate  a 
measure  of  how  the  strut  responds  to  various  inputs.  That  is,  the  design 
is  from  empirical  data  known  to  generate  the  proper  efficiency  for  a 
given  payload  and  drop  height.  Other  conditions  are  apparently  not 
evaluated  analytically  but  only  through  test .  By  examining  the  measured 
data,  the  metering  pin  is  modified  to  reduce  undesirable  peak  forces  and 
improve  the  efficiency . 

At  this  point,  the  preliminary  data  are  compiled  and  the  structural 
design  is  initiated.  Overall  lengths  are  known,  externally  applied  forces 
are  available,  and  internal  pressure  can  be  specified.  These  collectively 
dictate  the  necessary  wall  thicknesses  and  pivot  point  lug  sizes.  The 
remainder  of  the  design  is  then  a  stress  analysis  problem  using 
classical  techniques . 

2. 3. 2. 2  Skid  sanding  Gear  Design 

The  skid  type  landing  gear  has  been  used  for  many  years  on  lightweight 
helicopters .  It  is  a  low  cost  means  of  creating  small  static  deflections 
during  normal  landings,  while  providing  energy  dissipation  efficiencies 
comparable  to  those  of  the  oleo  strut  at  impact  velocities  .  The  design 
problem  associated  with  skids  is  that  they  are  nonlinear  structural 
elements .  The  skid  has  linearly  related  applied  force  and  resulting 
deformation  over  a  small  amount  of  stroke.  This  stroke  is  that  necessary 
to  provide  elastic  deformation  over  the  range  of  normal  landing 
impact  velocities.  Beyond  that  point  it  is  necessary  to  consider  the 
plastic  deformation  of  the  skid . 

The  simplest  design  technique  is  that  of  Chemoff^ .  It  is  assumed  that 
the  vehicle  is  supported  by  tubular  members  that  cross  horizontally  at 
the  bottom  of  the  fuselage .  The  vehicle  impact  is  in  a  horizontal  attitude 
and  dissipates  all  energy  by  the  strain  energy  of  bending  in  the  tube . 
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warts 


The  skid  stiffness  is  idealized  as  a  bilinear  curve  to  duplicate  the  load 
deflection  curve  as  shown  below: 


DEFORMATION 


This  is  derived  from  an  idealized  stress  versus  strain  curve  for  the 
particular  material  used . 

Since  the  load-deflection  curve  is  piecewise  linear,  it  is  easily  integrated 
to  determine  the  potential  energy  as  a  function  of  skid  deflection .  For  the 
linearly  elastic  portion  of  the  curve,  the  energy  absorbed  is: 


E  =  /6p(d6)  =  |  6 
a  o  ^ 


where  is  energy  absorbed  (ft-lb) 

p  is  applied  load  (lb  ) 

6  is  deformation  of  skid  (ft) 

c  is  the  slope  of  the  elastic  range  of  the  load  deflection  curve 

For  the  plastic  portion  of  the  curve 

C,  <$2  12 

E„=-V  +  (c-c, )  6  6  -  o  (  6.r  (c-cj 


where 


a  2  1  y  2  '  y  1 

c^  is  the  slope  of  the  plastic  range 
6  is  the  deformation  at  the  elastic  limit  of  the  skid . 


By  equating  kinetic  and  potential  energies,  equations  are  developed  to 
relate  applied  loads,  elastic  limit,  mass  of  the  vehicle,  weight  applied 
per  skid,  and  impact  velocity.  From  Reference  2, 


1 


(11) 


6  = 


mW  ,  6  v2 

(c-c^Sy  mg 


1  + 


{  mW  } 
(c-c1)  6y 


is  the  equation  for  a  perfectly  plastic  material, 

where  m  is  {  1  -^r  ,  } 

weight 

W  is  the  effective  weight  (lb  ) 

2 

g  is  the  gravitational  constant  (ft/sec  ) 
V  is  the  impact  velocity  (ft/sec) 


Therefore,  for  varying  impact  velocities,  rotor  lift  values,  and  desired 
effective  weight  on  the  skids,  the  deformation  can  be  calculated.  The 
load  factor  applied  is  then  the  ratio  of  applied  fore0;  to  effective  weight . 

_  P 

n  W  (12) 


The  procedure  available  requires  approximating  the  stress-strain  curve 
of  a  material,  and  then  the  approximation  of  the  resulting  load-deflection 
curve  for  the  integration  process  in  the  energy  equations.  The  results 
of  this  type  of  approach  have  bjgn  compared  with  test  data  and 
have  shown  reasonable  results1  .  Calculated  center- of-gr a vity  accelerations 
were  within  6  percent  of  the  measured  . 

The  procedure  shown  has  several  distinct  steps: 

1 .  Establish  the  stress-strain  characteristics  of  the  tube  material. 

2.  Calculate  the  force-displacement  characteristics  of  the  tube. 

3 .  Incorporate  the  force-displacement  characteristics  into  an  energy 
relation  or  set  of  dynamic  response  equations . 

4.  Calculate  the  vehicle  response . 
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2.3.3  Landing  Gear  Design  Summary 

Helicopter  landing  gear  are  designed  primarily  from  specifications 
that  do  not  consider  crash  environments .  Many  conditions  that 
contribute  to  the  design  and  several  methods  of  determining  the 
maximum  inertial  response  need  to  be  considered.  The  only  design 
that  is  presently  known  to  have  been  conducted  from  a  truly  dynamic 
analysis  was  for  the  UH-1  skid.  With  the  shock  strut  device,  some 
means  of  circumventing  a  dynamic  analysis  is  available,  but  with 
a  skid  that  can  go  into  the  plastic  region  it  is  necessary  to  examine 
the  effects  of  force -displacement. 

2.4  ENERGY-ABSORBER  DESIGN  ANALYSIS 

2.4.1  Energy-Absorber  Criteria 

A  multitude  of  devices  and  techniques  exist  that  will  dissipate  energy 
by  providing  an  acceptable  force  that  reacts  over  a  given  distance . 

Most  of  the  existing  energy  absorbers  or  load  limiters  are  mechanical 
in  nature,  and  an  optimum  device  to  be  used  on  aircraft  should  be  selected 
on  the  basis  of  the  criteria  listed  below: 

1 .  The  device  should  be  of  minimum  weight. 

2 .  The  device  should  operate  satisfactorily  and  reliably  with  a 
minimum  of  maintenance . 

3 .  Cost  of  the  unit  should  be  low  . 

4 .  The  volume  of  the  device  should  be  at  a  minimum . 

5 .  The  force  levels  generated  by  the  unit  should  be  indepen¬ 
dent  of  velocity . 

6  .  The  stroke  efficiency  should  be  a  maximum . 

7.  The  device  should  maintain  a  constant  load  over  the  stroking 
distance . 


8.  The  device  should  operate  in  both  tension  and  compression. 

9 .  The  device  should  be  capable  of  performing  its  intended 
function  not  only  when  loaded  uniaxially  but  also  when 
subjected  to  omni-directionally  combined  loading. 


The  above  requirements  are  for  an  optimum  energy  absorber.  Existing 
energy  absorbers  do  not  satisfy  all  the  requirements ,  and  selection 


of  a  particular  device  will  depend  on  the  application  and  what  trade-offs 
are  acceptable. 

2.4.2  Survey  Results 

2. 4. 2.1  Energy-Absorber  Manufacturers 

The  list  of  manufacturers  enumerated  on  page  3,  engaged  in  the  production 
of  energy  dissipation  devices,  was  compiled  using  References  1  and  11, 
and  the  product  catalogs. 

The  manufacturers'  information  and  data  were  utilized  in  the  following 
section  where  it  was  applicable.  Generally,  the  devices  available  today  are 
designed  using  empirical  formulas  and  past  experience  to  provide  a  force- 
deflection  curve  that  approaches  a  square  wave  in  shape. 

2. 4. 2. 2  Government  Agencies 

Government  agencies  were  contacted  and  asked  to  supply  any  available 
data.  It  appeared  that  the  National  Aeronautics  and  Space  Administration 
had  conducted  numerous  investigations  in  the  area  of  energy  absorption. 
Their  primary  application  of  energy  absorbers  was  for  spacecraft 
cushioning  devices.  Since  spacecraft  have  a  size  and  weight  limitation, 
NASA  investigated  numerous  techniques  in  an  effort  to  obtain  an  optimum 
energy  absorber.  Several  of  the  devices  developed  by  NASA^were  patented 
as  discussed  by  a  recent  report  by  the  University  of  Denver  .  Additional 
energy-absorber  patents  are  also  discussed  in  the  report  which  gives  a 
good  survey  of  the  state  of  the  art  in  energy-absorbing  techniques. 

2.4.2.  Designs  and  Analytical  Techniques 
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Chapter  3  of  the  Crash  Survival  Design  Guide  describes  and  evaluates 
some  of  the  more  promising,  simple,  lightweight,  "one-shot"  energy 
absorbers.  The  types  of  devices  studied  were 

1 .  Honeycomb  compression 

2 .  Tube  flare 

3.  Inversion  tube 

4.  Rod  through  tube 

5.  S-shaped  bar 

6.  Standard  cable 

7.  Metal  tube 

8.  Strap/rod 

9.  Tension  pulley 

10.  Bar  through  die 

11.  Wire  through  platten 

12.  Rolling-torus 

The  majority  of  energy  abosrbers  used  today  depend  on  complex 
mechanisms  such  as  metal  fracture,  plastic  deformation  of  a  metal, 
and  fluid  flow  through  an  orifice  for  dissipating  impact  energy.  The 
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exact  analysis  of  these  techniques  is  extremely  difficult ,  and 
normally,  energy  absorbers  are  designed  using  empirical  relations 
and  design  equations  derived  from  an  analysis  using  simplifying 
assumptions .  These  equations  and  empirical  formulas  are  used  to 
select  initial  sizes  and  materials  for  a  given  energy  absorber . 

Prototype  units  are  then  built,  using  the  initial  design  values,  and 
tested.  Some  adjustment  or  change  is  usually  necessary.  These 
are  incorporated  into  the  unit  and  it  is  retested.  This  cyclic  process 
is  then  repeated  as  many  times  as  necessary  to  meet  the  original 
specifications.  The  technique  outlined  above  appears  to  be  universal 
in  the  design  of  energy  absorbers,  since  the  mechanism  which  actually 
dissipated  the  impact  energy  in  most  cases  is  difficult  to  analyze . 

The  operation  and  simplified  analysis  for  several  energy  absorbers  are 
presented  in  the  following  sections .  The  design  equations  which  theoretically 
predict  operating  characteristics,  and  experimental  data  show  the  relation 
between  calculated  and  measured  parameters  and  indicate  why  energy- 
absorber  design  is  as  much  an  art  as  it  is  a  science. 
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2 . 4 . 2 . 3 . 1  Compressible  Tube  Energy  Absorber 

The  compressible  or  folding  tube  energy  absorber  dissipates  the 
applied  energy  by  plastically  deforming,  through  folding,  the  wall 
of  a  cylindrical  thin-walled  tube  as  an  axial  force  is  applied  in  comp¬ 
ression.  This  device,  along  with  a  typical  force-displacement  curve, 
is  illustrated  as  follows: 
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There  is  an  initial  peak  force  P  followed  by  a  semi-regular 
variation  in  fjrce  level  about  some  average  value  P.  Each  cycle 
fluctuation  corresponds  to  the  formation  of  a  single  fold,  and  since 
the  geometry  of  the  tube  changes  with  the  stroke,  the  force  level  is 
not  constant .  The  operating  average  force  P  is  primarily  determined 
by  the  tube  diameter  and  wall  thickness ,  the  yield  strength  of  the 
material,  and  the  work -hardening  characteristics  of  the  material.  The 
axial  length  of  the  tube  also  becomes  a  factor  if  the  strut  is  long  enough 
to  consider  buckling  effects .  Detailed  analyses  and  design  data  are 
contained  in  Reference  13 . 

2. 4. 2. 3. 2  Tube  Flare13 

An  energy  absorber  that  utilizes  the  tube  flare  or  tube  and  mandrel 
technique  dissipates  energy  by  fracturing  or  splitting  a  metal  tube  as 
it  is  forced  over  a  mandrel .  This  type  of  device  wan  developed  by 
NASA  for  the  space  program  and  is  very  similar  to  a  frangible  tube 
energy  absorber  invented  by  J.R.  McGehee.^  This  type  device 


Experiments  were  conducted  at  the  University  of  Denver  to  establish 
a  design  equation  applicable  to  tube  flare  attenuators .  An  empirical 
equation  for  determining  the  average  force  developed  during 
compression  was 


P  =  8(o  +0.25H)  t3/2  D1/2  (13) 

y 

where 

P  is  the  average  force  (lb) 
a  is  the  yield  stress  (psi) 

y 

H  is  the  average  slope  of  the  stress-strain  curves  in  the 
plastic  region  (psi) 

t  is  the  tube  wall  (in . ) 
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ALUMINUM _ _ STEEL 


TABLE  IV.  COMPILATION  OF  DATA 


Alloy 


6061-0 


6061-T6 


D 

(in.) 


12,240 

12,350 

12,325 

12,060 

12,060 

23.000 

16,300 


7,800 

8,000 

8,000 

15.900 

12,300 

17,000 


1,380 

1,345 

3,480 

4,640 

4,625 

4,640 

6,970 

8,440 

9,050 


6,100 

8,200 

6,000 

6,500 

6,400 

17,000 

11,500 


4,500 

4.500 
4,400 

11,500 

7.500 
5,100 


5050 

1 

.035 

5,200 

3,400 

1 

.065 

10,700 

7,000 

1 

.049 

9,000 

5,500 

5052-0 

1 

.035 

2,430 

1.460 

1 

.035 

2,420 

1,660 

1 

.035 

2,450 

1,500 

1 

.049 

3,810 

2,700 

1 

.065 

5,140 

3,400 

2 

.035 

3,880 

1,700 

3003-H14 

1 

.035 

2.270 

1,200 

1 

.035 

2,250 

1,200 

1 

.035 

2,290 

1,150 

1 

.049 

3,365 

2,200 

1 

.065 

4,780 

3,800 

2 

.035 

4,790 

1,800 

- -  - 

-  -  - 

-  -  -  -  - 

-  -  -  — 

—  -  -  -  -  - 

900 

900 

2,400 


2,400 


3,000 


An  energy  absorber  of  this  type  is  simple  and  easy  to  manufacture 
since  it  consists  of  only  two  parts,  a  tube  and  mandrel.  The  tube  can 
be  easily  obtained  from  commercial  suppliers ,  and  the  mandrel  can  be 
readily  machined  from  standard  metal  stock .  During  the  first  part  of 
the  stroke,  a  high  force  spike  may  appear  due  to  initial  cracking  of 
the  tube.  Notches  cut  into  the  tube  and  a  beveled  inside  edge  will 
eliminate  this  effect.  Force  levels  for  the  tube  and  mandrel  are 
basically  determined  by  the  tube  diameter,  wall  thickness  and  mandrel 
configuration,  and  therefore  can  be  changed  by  adjusting  the  two  tube 
parameters  or  the  mandrel  design .  Since  this  type  of  device  can  use 
the  majority  of  its  length  to  dissipate  the  energy  applied,  it  has  a 
high  stroke  to  length  ratio  which  can  be  utilized  when  available  space 
is  at  a  premium ,  such  as  in  aerospace  vehicles .  Detailed  data  are 
contained  in  Reference  12. 

2. 4. 2. 3. 3  Frangible  Tube  Energy  Absorber*^  *  ^ 

Energy  is  absorbed  or  dissipated  by  a  frangible  tube  energy  absorber 
as  a  thin-walled  tube  is  pressed  over  a  die  and  breaks  into  fragmented 
pieces.  The  die  is  formed  so  that  a  portion  of  the  tube  is  forced  over 
the  die.  A  fluctuating  force  is  developed  by  the  splitting  process, 
but  the  average  force  about  which  the  actuation  force  varies  is  approx¬ 
imately  constant  once  stroking  of  the  device  has  been  initiated .  An 
initial  peak  force,  higher  than  the  average  load,  is  usually  necessary  to 
begin  the  fragmenting  process,  but  through  special  techniques  discussed 
later ,  this  initial  force  spike  can  be  reduced .  As  the  frangible  tube 
is  pressed  over  the  die,  the  tube  elements  break  off  and  disperse, 
permitting  the  entire  length  of  the  working  element  to  be  used  as  the 
working  stroke.  This  type  of  device  was  investigated  as  part  of  a 
landing  gear  system  for  manned  spacecraft  by  J.R.  McGehee,  the 
inventor.  Extensive  testing  of  the  frangible  tube  technique  has  been 
performed ,  with  the  results  of  these  tests  contained  in  the  referenced 
reports . 

15 

2. 4. 2. 3. 4  Crushable  Honeycomb  Energy  Absorber 

Energy-absorption  devices  employing  crushable  honeycomb  are  gen¬ 
erally  used  when  large  kinetic  energies  are  to  be  dissipated  at  a 
uniform  acceleration  (  a  constant  force  deflection  system)  .  This  type 
of  device  has  been  used  to  cushion  large  loads  that  are  air  dropped 
with  or  without  parachutes .  A  procedure  for  selecting  a  particular 
type  honeycomb  that  will  protect  cargo  under  specified  conditions  is 
given  in  Reference  15. 

ID  1  n 

2. 4. 2. 3. 5  Invertube  Energy  Absorber  ' 

The  invertube  or  tube  inversion  type  of  energy  absorber  absorbs 
energy  through  a  process  that  simply  turns  a  thin-walled  tube  inside 
out.  Experimental  results  indicate  that  tube  inversion  is  only  feasible 
for  certain  ductile  materials  and  a  certain  range  of  tube  diameter  and 
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wall  thickness  ratios .  The  actual  inversion  of  the  energy-absorbing 
units  or  capsules  can  be  accomplished  by  several  different  techniques . 
One  method,  Type  A,  turns  the  tube  inside  out  while  a  second  method. 
Type  B  ,  inverts  the  tube  by  turning  the  outside  in .  Devices  of  both 
types  are  preformed  by  flaring  one  end  of  a  length  of  tubing, 
clamping  a  neck  or  ring  around  the  periphery  of  the  flare,  and  applying 
an  axial  compressive  load.  At  a  sufficiently  high  force  level,  yielding 
within  the  flair  radius  occurs,  this  results,  through  progressive 
transformation,  into  a  fully  developed  roll  radius.  The  figure  below 
illustrates  the  forming  sequence  of  Type  A  and  Type  B  inversion  tubes . 


Forming  Sequence  for 
Type  A  Absorbers 


ft 


ps — 51 

o 


Forming  Sequence  for 
Type  B  Absorbers 


Another  type  of  inversion  tube  that  has  been  developed ,  Type  C ,  is 
essentially  a  Type  A  without  a  clamping  ring  attached  to  the  initial 
flare.  The  Type  C  device  allows  the  initial  flaring  to  just  continue, 
and  the  tube  inverts  by  turning  inside  out.  The  Type  C  inversion  tube 
requires  a  higher  stroking  force  than  Type  A  and  generates  a  larger 
roll  radius .  Detailed  analyses  and  empirical  data  are  contained  within 
the  cited  references . 
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2  4. 2. 3. 6  Liquid  Spring  Energy  Absorber 

A  liquid  spring  energy  or  shock  attenuator  is  a  device  that  absorbs 
energy  by  compression  of  a  fluid  and  by  control  of  the  fluid  flow 
through  an  orifice.  Since  the  compression  of  a  liquid  is  involved, 
these  devices  inherently  have  short  stroke  lengths .  The  construction 
of  a  liquid  spring  is  essentially  the  same  as  a  hydraulic  cylinder  except 
the  bore  of  the  cylinder  is  completely  enclosed  and  there  is  an  orifice 
in  the  piston .  The  simple  geometry  of  a  liquid  spring  is  illustrated 
below: 
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Operation  of  the  liquid  spring  depends  primarily  on  two  parameters; 
the  compressibility  of  the  fluid,  and  the  pressure  drop  across  the 
orifice  due  to  the  velocity  of  the  piston .  The  fluid  compressibility 
is  a  function  of  the  bulk  modulus  of  the  fluid  which  usually  varies 
linearly  with  pressure  over  the  operating  range  of  the  device.  If  a 
liquid  spring  is  actuated  very  slowly ,  with  essentially  zero  velocity , 
the  fluid  is  compressed  by  an  amount  equal  to  the  stroking  distance 
times  the  rod  area ,  which  creates  a  restoring  force  that  varies  linearly 
with  the  stroke.  When  the  velocity  of  the  liquid  spring's  piston  is 
not  zero,  an  additional  restoring  force  is  generated  by  the 
pressure  drop  across  the  orifice  due  to  the  fluid  velocity  through  it 
and  due  to  physical  characteristics .  The  resulting  load-stroke  curve  is 
therefore  velocity  sensitive  and  in  general  has  the  following  appearance: 


Stroke 

The  straight  line  from  A  to  D  represents  the  spring  force  due  to  the 
fluid  compressibility ,  and  the  curved  line  ABCD  represents  the  force 
caused  by  a  difference  in  pressure  across  the  orifice  which  is  proprotional 
to  piston  velocity .  At  a  higher  stroking  velocity ,  the  force  level  will 
be  greater.  The  energy  absorbed  by  a  liquid  spring  is  the 
sum  of  Areas  1  and  2 ,  where  Area  1  is  the  energy  dissipated  by  the 
orificing  action  and  Area  2  is  the  energy  stored  by  compressing  the 
fluid .  The  initial  slope  of  the  velocity  effect  curve ,  the  portion  from  A 
to  B,  is  directly  proportional  to  velocity  until  the  effects  of  fluid  compres  • 


sibility  are  noticed .  At  this  point  the  slope  of  the  curve  is  a  function  of 
the  bulk  modulus  of  the  fluid  and  area  of  the  piston .  When  higher  velocities 
occur,  the  pressure  or  force  increases  but  the  slope  remains  the  same. 


The  exact  shape  of  the  curve  ABCD  where  the  piston  velocities  are 
greater  than  some  minimum  value  depends  primarily  on  the  orifice 
characteristics  such  as  area  and  surface  finish .  These  characteristics 
can  be  adjusted  so  that  the  load-stroke  curve  approximates  a  rectangular 
pulse  making  the  liquid  spring  highly  efficient  in  the  sense  of  providing 
maximum  energy  dissipation  with  the  minimum  stroke. 

IQ  Oft 

o^ooo  Cyclic  Strain  Energy  Absorbers  ' 


2. 4. 2. 3. 7 


Energy  absorbers  have  recently  been  developed  which  employ  the  technique 
of  cyclic  plastic  straining  of  a  material.  These  devices  have  advantages 
over  most  mechanical  devices  (i.e.,  tube  flare,  crushable  honeycomb) 
of  being  reusable  and  having  very  high  specific  energy- absorption 
(SEA)  capacity. 

SEA  is  a  parameter  commonly  used  for  comparing  energy-absorption 
mechanisms .  The  SEA  of  a  particular  energy  absorber  is  the  amount  of 
energy  the  unit  dissipates  divided  by  the  weight  of  the  device.  The  SEA 
for  materials  anjig  techniques  commonly  employed  in  energy  attenuators 
is  given  below: 


Attenuator 


SEA  (ft-lb/lb) 


Balsa  Wood 
Metal  Honeycomb 
Frangible  Tube 


24,000 

12,000 

31,000 


The  SEA  value  for  a  cyclic  strain  energy  device  is  a  function  of  the 
number  of  cycles  required  to  produce  failure.  For  example,  if  pure 
titanium  metal  is  cycled  in  the  plastic  strain  range  so  that  failure  occurs 
in  100  cycles,  the  total  SEA  at  failure  is  approximately  350,000  ft-lb. 

An  SEA  of  approximately  800,000  ft-lb/lb  can  be  obtained  from  the 
same  unit  if  the  jp^astic  strain  range  is  reduced  so  that  failure  occurs 
in  1,000  cycles .  The  cyclic  strain  energy  absorber  is  therefore 
capable  of  greatly  reducing  the  weight  required  to  absorb  a  given  amount 
of  energy . 

A  cyclic  strain  energy  attenuator  absorbs  energy  through  cyclic  deformation 
of  a  working  metal .  In  these  types  of  devices ,  working  elements  are  cycled 
through  tension  and  compression  states  and  produce  essentially  constant 
resisting  forces  .  In  the  torus  device ,  rolling  of  the  toroidal  elements 
produces^ gyclic  tension  and  compression  of  the  longitudinal  fibers  of  the 
element.1  Similarly,  rolling  of  the  compressed  tube  causes^clic  bending 
deformation  of  the  tube  wall  in  the  circumferential  direction . 
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2. 4. 2. 4  Energy -Absorber  Data  Summary 

Reference  material  collected  for  all  types  of  energy  absorbers  has 
been  compiled  and  is  sufficient  to  design  an  absorber  based  upon  any 
selected  absorption  concept.  The  equations  usually  combine  empirical 
materials  data  within  functional  relations  having  a  theoretical  basis . 
Because  of  this,  it  is  necessary  to  recognize  the  limits  of  the  data  in 
evaluating  any  particular  design .  Based  upon  the  data  collected,  it 
appears  that  the  liquid  spring  and  cyclic  strain  concepts  are  the  most 
attractive  considering  "commercial"  capability  for  the  ranges  of  loads, 
strokes,  and  energy  dissipation  anticipated  for  the  landing  gear  systems  to 
be  designed  during  this  effort. 


Crushable  honeycomb  ^s  been  incorporated  within  landing  gear  struts 
as  discussed  by  Rich .  This  was  successfully  accomplished  for  a 
particular  gross  weight  vehicle  and  designed  to  permit  additional 
strokes  of  a  landing  gear  at  approximately  the  original  impact  force  level . 
Hence,  there  has  been  honeycomb  within  a  column  attenuation  demon¬ 
strated  by  an  airframe  manufactujjgr .  The  OH-6A  also  possesses  a  crushable 
honeycomb  landing  gear  system  . 

2.5  CRASH  KINEMATICS 

In  addition  to  the  design  criteria  collected  it  was  necessary  to  conduct  analyses 
to  determine  better  energy -absorbing  landing  gear  criteria  using  a  digital 
routine  (see  section  3.5)  .  The  digital  program  developed  had  to  have 
some  input  information  that  would  reflect  a  survivable  crash  condition.  The 
concepts  to  be  developed  could  then  be  examined  to  calculate  the  loads 
to  the  airframe  when  the  applied  loads  are  loaded  simultaneously  in  an 
upward,  aftward,  and  sideward  direction  at  the  landing  gear.  The  current 
applied  force  criteria  do  not  quantitatively  specify  the  attitude,  nor  do 
they  define  a  survivable  crash .  It  is  possible  to  use  the  FAR  "  crash" 
conditions  for  fuselage  design,  but  these  numbers  are  unrealistic  for  the 
purposes  of  this  program  because  of  their  small  values .  It  was  apparent 
that  it  would  be  necessary  to  quantitatively  define  a  set  of  crash  conditions . 

A  computer  program  was  developed  to  permit  the  analysis  of  a  "crashing" 
helicopter.  A  rigid  body  supported  at  the  corners  by  viscoelastic  elements 
was  the  model  for  the  program .  For  this  model  it  was  necessary  to  have 
input  conditions  that  would  reflect  the  crash  impact.  One  approach  is  to 
assume  a  rigid  earth  and  let  the  elasticity ,  mass ,  and  viscous  components 
of  the  system  determine  accelerations  from  initial  conditions .  The  second 
approach  is  to  use  measured  crash  acceleration  data  as  input  to  the  landing 
gear  and  calculate  the  response  which  would  then  reflect  to  some  degree  the 
elasticity  of  the  soil .  The  two  approaches  indicate  the  necessity  for 
pursuing  not  only  initial  conditions  (altitude,  sink  rate,  etc.)  ,  but 
measured  response ,  accelerations ,  and  forces . 

The  analysis  of  the  crash  input  data  collected  indicates  that  aircraft 


29 


attitude  and  acceleration -time  curves  are  important  parameters  for  use  in 
the  computer  program .  The  acceleration-time  data  must  include  longitudinal, 
lateral,  and  vertical  accelerations  and  pulse  shape,  as  the  input  to  the 
landing  gear. 

2.5.1  Crash  Impact  Accelerations  and  Velocities 

Crash  accelerations  as  the  input  to  the  landing  gear  were  not  available 
explicitly  in  °f  the  data  surveyed.  However,  the  Crash  Survival 
Design  Guide1  did  contain  acceleration-time  pulse  data  pertaining  to 
survivable  U.S.  Army  aircraft  accidents  for  the  period  1  July  1960 
30  June  1985.  Controlled  crash  tests^  indicate  that  the  landing  gear 
does  not  appreciably  decelerate  helicopter  aircraft,  and  therefore,  the 
floor  accelerations  as  compiled  in  the  Crash  Survival  Design  Guide 
should  be  indicative  of  crash  input  data  for  current  aircraft  designs . 

The  aircraft  accelerations  presented  are  accelerations  at  the  floor  near  the 
center  of  gravity  of  the  aircraft  and  are  based  on  comparative  data  (see 
paragraph  1.1. 1.3  of  Reference  1)  with  calculations  using  the  equation 


G 


AVG  2  gS 


(14) 


where  G.Tr„  is  the  average  load  factor  of  the  pulse 
AVLi 

V  is  the  impact  velocity  (ft/sec) 

2 

g  is  the  gravitational  constant  (ft/sec  ) 

S  is  the  displacement  (ft) 

The  chart  below  summarizes  the  procedure  by  which  acceleration  versus 
time  data  at  the  input  to  the  landing  gear  is  determined. 
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Velocity  change  was  estimated  from  known  impact  velocities  and  com¬ 
parative  data,  and  the  average  impact  accelerations  were  estimated 
from  velocity  changes,  comparative  data,  and  known  deceleration  distances. 
The  average  impact  acceleration  is  that  for  the  major  impact ,  The  pulse 
duration  for  a  given  probability  of  occurrence  of  accident  is  given  by 
the  equation 


peak 


where 


peak 


is  the  time  duration  of  the  pulse  (seconds) 
,  is  twice  the  average  G 


Therefore,  the  pulse  duration  can  be  computed  from  corresponding 
percentile  points  on  the  distribution  curves  of  velocity  change  and 
average  acceleration .  The  result  is  an  acceleration-time  pulse  at  the 
floor  of  the  helicopter  for  the  vertical,  longitudinal,  and  lateral 
directions . 

Figures  1  and  2  show  the  distributions  of  velocity  changes  and 
accelerations  in  the  vertical,  lateral,  and  longitudinal  directions  as  determined 
by  the  accident  study . 

Data  were  insufficient  to  plot  di  itribution  curves  of  lateral  impact 
acceleration  and  lateral  velocity  change;  however,  upper  limits  on  these 
parameters  were  estimated  to  be  16G  peak  and  25  fps.* 

Although  these  data  represent  floor  accelerations  and  velocity  changes, 
they  can^e  used  to  estimate  inputs  at  the  landing  gear.  For  example,  in 
one  test  45  an  H-25  helicopter  was  dropped  from  a  moving  crane  so 
that  it  attained  a  vertical  impact  velocity  of  45  fps,  a  vertical  impact 
acceleration  peak  of  115G  and  a  pulse  duration  of  approximately  25  milli¬ 
seconds.  Substituting  45  fps  and  25  millisecond  into  the  equation 


AV  = 


where  AV  is  the  velocity  change  (ft/sec) 

A  is  the  peak  acceleration  of  a  triangular  pulse 
(ft/sec^) 


AT  is  the  pulse  duration  (sec) 


These  values  have  been  updated  to  18G  peak  and  30  fps  for  rotary¬ 
wing  aircraft.  (Reference  23.) 
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Figure  1.  Distribution  of  Average  Acceleration  in  the  Vertical, 
Longitudinal,  and  Lateral  Directions. 


Cumulative  Frequency  of  Occurrence  (Percent) 

Figure  2.  Distribution  of  Vertical,  Longitudinal,  and  Lateral 
Impact  Velocity  Changes  for  Survivable  Rotary  and 
Light  Fixed-Wing  Aircraft  Accidents  (from  Crash 
Survival  Design  Guide). 


results  in  a  peak  acceleration  of  approximately  112G,  which  is  nearly 
the  value  of  peak  acceleration  that  was  measured  direct^  ajgthe  fl°°r  (115G)  . 
This  procedure  was  lepeated  for  five  other  crash  tests  '  °  where  the 
measured  peak  vertical  acceleration  at  the  floor  of  the  aircraft  was  compared 
with  the  calculated  peak  acceleration  using  values  of  vertical  impact  velocity 
and  pulse  duration.  Two  of  the  tests  resulted  in  measured  accelerations 
which  were  34%  and  6.5%  higher  than  the  calculated  values,  and  the 
remaining  tests  resulted  in  measured  accelerations  which  were  34%,  14%, 
and  26%  lower  than  the  calculated  values.  Although  these  results  vary, 
some  of  this  can  be  attributed  to  experimental  errors  as  well  as  some 
energy  absorption  by  the  landing  gear.  In  addition,  the  peak  vertical 
accelerations  in  all  but  one  of  these  tests  were  significantly  higher  than 
the  peak  vertical  acceleration  (48G)  corresponding  to  the  95th  percentile 
accident  as  computed  in  Table  1 .1  of  the  Crash  Survival  Design  Guide  in 
which  only  survivable  accidents  are  considered.  As  a  result,  the  vertical 
accelerations  shown  in  Figure  1  will  be  used  as  the  best  estimates  of  input 
accelerations  where  pulse  duration  will  be  computed  as  described  above. 

Referring  to  Figures  1  and  2 ,  the  longitudinal  impact  velocities  are  slightly 
higher  than  the  vertical  velocities ,  but  the  longitudinal  accelerations 
are  slightly  lower  than  the  vertical  accelerations.  Therefore,  we  can 
conclude  that  the  landing  gear  did  decelerate  the  aircraft  to  some  extent 
in  the  longitudinal  direction .  This  probably  is  indicative  of  the  energy 
dissipated  by  frictional  forces  in  skidding  of  the  landing  gear,  the  fuselage 
and  to  some  extent  in  the  wheel  bearings .  Since  these  effects  do  act  as 
a  landing  gear  energy  absorber,  as  a  first  estimate,  the  curves  represent 
longitudinal  crash  input  data  for  the  purpose  of  designing  landing  gear 
energy  absorbers . 

The  Crash  Survival  Design  Guide  *  estimates  that  lateral  floor  accelerations 
rarely  exceed  peaks  of  greater  than  16G.  If  this  is  assumed  to  be  the  95th 
percentile  case  and  the  lateral  accelerations  are  proportional  to  the  long¬ 
itudinal  accelerations,  the  distribution  of  lateral  accelerations  can  be 
assumed,  for  design  purposes,  to  be  as  shown  by  the  dashed  lines  of 
Figures  1  and  2 .  Also  for  reasons  similar  to  those  given  in  the  longitudinal 
case,  these  lateral  floor  accelerations  can  be  used  as  landing  gear  input  data. 

2.5.2  Aircraft  Impact  Attitudes 

Little  data  on  helicopter  attitude  on  crash  landings  are  available .  The 
Crash  Survival  Design  Guide  contained  none*,  andjglthough  a  report 
prepared  by  the  Boeing  Company,  Vertol  Division  did  contain  some 
attitude  data,  this  was  limited  to  attitudes  while  in  flight  and  when  a 
survival  escape  system  could  be  activated .  Several  crash  test  reports 


*At  the  time  this  was  written  the  USAAMRDL  70-22  did  not  contain 
attitude  data.  This  has  since  been  incorporated  into  the  latter  issue. 
Reference  23. 
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indicate  that  for  potentially  survivable  helicopter  crashes ,  the  attitude 
varies  onl^^i  few  degrees  from  level  for  pitch,  roll  and  yaw.  One  crash 
test  report  states  that  the  average  crash  condition  from  successful  auto¬ 
rotation  following  power  failure  would  result  in  an  impact  with  a  pitch  of 
9  degrees  nose  up  and  6  degrees  roll  left .  Several  other  crashes  were 
surveyed  and  the  results  showed  that  the  aircraft  pitch  was  nearly  0  degrees 
with  respect  to  horizontal  flight  path . 

2.6  PHASE  I  SUMMARY 

1 .  The  criteria  for  the  design  of  helicopter  landing  gear  are  to  be 
found  in  the  specifications  of  three  agencies: 

ANC-2  Ground  Loads  (U  .S  .  Army) 

MIL-S-8698  (U  .S .Air  Force) 

Federal  Aviation  Regulations  Parts  27  and  29  (Civilian) 

2 .  The  design  procedure  for  wheel-oleo  strut  type  landing 
gear  is  to  examine  the  conditions  required  in  the  spec¬ 
ification  ,  calculate  the  reaction  forces ,  determine  the  structure 
required  to  carry  these  forces ,  and  then  select  hydraulic  areas 
and  orifice  sizes  to  generate  an  acceptably  efficient  shock  strut . 

3 .  The  design  procedure  for  the  skid -type  landing  gear  is  to 
establish  the  stress-strain  characteristics  of  the  tube 
material,  develop  the  force-displacement  characteristics  from 
them ,  and  then  incorporate  these  into  an  energy  relation  or 
set  of  dynamic  response  equations . 

4 .  There  is  no  quantitative  crash  specification  applicable  to  the 
landing  gear . 

5.  The  many  types  of  energy  absorbers  available  do,  in  general 
have  some  analytical  basis  for  generating  design  information 
required .  A  great  amount  of  information  is  available  in  test 
results.  The  theoretical  design  equations  are  based  upon  these 
data. 

6 .  Some  crash  criteria  information  is  available  to  define  input 
conditions . 

7 .  There  is  sufficient  data  available  on  the  design  and  design 
criteria  of  landing  gear  and  energy-absorbing  devices  to  permit 
development  of  feasible  design  criteria  and  concepts  for  energy¬ 
absorbing  landing  gear  designs . 


CHAPTER  3 

PHASE  H  -  ENERGY-ABSORBING  LANDING  GEAR 
DESIGN  CRITERIA  AND  CONCEPTS 


3.1  INTRODUCTION 

The  goal  of  Phase  II  was  to  develop  feasible  criteria  and  concepts  for 
energy  absorbing  landing  gear  designs  for  the  LOil.  UH,  and  CH  helicopter 
classes . 

The  concepts  developed  were  to  include  a  skid-type  concept  for  both  the 
LOH  and  UH,  and  a  one-wheel-type  concept  for  the  CH.  The  concepts 
were  to  consider  upward ,  sideward ,  and  aftward  loads  when  applied  at 
either  end  of  the  gear  or  during  pure  vertical  survivable  impact.  After 
concepts  were  selected,  the  following  factors  were  considered: 

a.  Operational  and  normal  landing  requirements 

b.  Combined  landing  gear  and  airframe  loading 

c .  Environment 

d .  Cost 

e .  Reliability 

f .  Maintainability 

g .  Simplicity 

h .  Weight 

3.2  ENERGY -ABSORBING  LANDING  GEAR  DESIGN  CRITERIA 

The  purpose  of  design  criteria  is  to  establish  enough  information  concerning 
the  input  and  the  response  desired  to  design  a  system .  A  landing  gear 
system  is  designed  for  given  input  velocities  and  orientatiors 
and  must  have  sufficient  strength  and  rigidity  such  that  the  impact 
acceleration  generated  will  not  exceed  a  specified  level .  Similarly ,  if 
the  design  is  to  be  for  an  energy-absorbing  landing  gear,  the  criteria 
must  specify  how  the  system  is  acted  upon  and  what  levels  of  response 
must  not  be  exceeded . 

Data  previously  collected  for  landing  gear  criteria  specified  various 
conditions  of  attitude,  sink  rate,  gross  weight,  load  factor,  forward 
velocity,  load  distribution,  center-of-gravity  location,  moment  balance, 
rotor  lift,  and  methods  of  analysis.  These  are  the  necessary  parameters 
but  not  necessarily  those  sufficient  to  define  the  new  criteria . 

First,  let  us  consider  the  initial  velocities  as  a  means  of  introducing 
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the  energy  balance  equations  previously  reported .  The  only  curves  available 
for  impact  velocity  distribution  for  survivable  accidents  come  from  the 
Crash  Survival  Design  Guide,  (see  Figure  2)  . 

The  question  to  be  resolved  is ,  over  what  levels  of  input  velocity  should 
the  energy -absorbing  landing  gear  system  be  operable?  The  intent  of 
the  system  is  to  lessen  the  magnitude  of  the  crash  forces  but  not  necessarily 
to  reduce  them  to  a  minimum .  The  system  is  to  perform  attenuation  of 
the  impact,  not  elimination  of  it. 

It  will  be  assumed  for  this  discussion  that  the  vehicle  is  in  a  level  attitude 
and  that  the  body  axis  of  the  vehicle  and  the  earth  axis  are  coincident. 

Later  discussions  of  attitude  will  establish  their  true  relations  at  impact . 

The  vertical  velocity  is  the  most  important.  At  impact,  the  vertical  velocity 
must  be  dissipated  over  a  short  distance;  the  stroke  required  from  impact 
velocity  to  rest  is  relatively  small .  Longitudinal  and  lateral  velocities 
could  conceivably  be  dissipated  over  greater  distances  just  as  a  fixed- 
wing  vehicle  does  during  landing .  If  the  system  were  rigid,  the  lateral 
and  longitudinal  velocities  would  be  dissipated  by  run-out  friction,  assuming 
the  structure  could  withstand  the  vertical  shock .  If  the  vertical  velocity 
cannot  be  attenuated ,  then  the  others  are  of  lesser  importance . 

Vertical  velocity  as  an  input  criterion  alone  tells  us  nothing  about  the 
accelerations  or  forces  to  be  developed  at  impact.  The  characteristics 
of  the  system  that  impacts  determine  how  these  are  developed.  Hence,  impact 
vertical  velocity  only  specifies  the  available  energy .  This  was  pointed  out  in 
the  Phase  I  discussion  ind  was  specifically  mentioned  in  the  energy 
approaches  to  landing  gear  design .  We  wanted  to  design  for  a  maximum  possible 
velocity ,  with  a  minimum  stroke  and  yet  not  exceed  certain  limits  on  the 
airframe  or  crewmember .  Without  having  selected  a  particular  concept ,  the  only 
approach  practical  is  based  upon  energy  dissipation . 

If  a  mass  impacts  with  an  initial  velocity  and  the  energy  is  attenuated 
over  a  particular  stroke,  the  relation  between  the  variables  is 

=  NnS  (17) 

2g 

where  V  is  the  impact  velocity  (ft/sec) 
g  is  the  gravitational  constant 

N  is  the  load  factor 

S  is  the  Btroke  (feet) 

n  is  the  efficiency  of  the  system 

At  this  point  it  is  necessary  to  rely  on  additional  data  collected .  What 
are  realistic  velocities,  strokes,  and  efficiencies? 


‘V-vr-v***- 


28 

A  recent  work,  "Design  Criteria  for  Energy  Absorption  Systems," 
shows  that  for  an  optimum  energy-absorber  waveform ,  helicopter  crash 
input,  a  stroke  of  18  to  20  inches  was  required  to  dissipate  44  feet  per 
second.  The  18  inches  were  between  input  and  seat  pan  regardless  of 
where  the  stroke  was  physically  achieved , 
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Another  effort  by  J.R.  Turnbow  indicated  that  it  was  desirable  to  have 
a  structural  capability  of  surviving  25-foot-per-second  impacts.  After 
having  conducted  full-scale  tests  on  a  helicopter,  it  was  suggest^!  that  an 
8G  deceleration  over  1  foot  was  desirable.  Smith  and  McDermott00  of 
Hu^ies  Aircraft  proposed  30-foot-per-second  impact  survivability  for 
occupants,  and  Army  experience  in  Vietnam  suggested  improve^ 
crashworthiness  up  to  25  feet  per  second  (Watson  and  Dunham) 

The  survey  letter  received  from  the  U.S  .  Army  Agency  for  Aviation  Safety 
indicated  that  10  to  15  foot-per-seccnd  impacts  could  currently  be  sustained 
prior  to  ground  contact  of  the  fuselage  and  that  additional  attenuation 
capacity  should  be  investigated . 


From  this  data  it  appears  that  there  are  some  theoretical  and  practical 
limits  that  have  been  alluded  to  by  many  different  sources: 


Vertical  Velocity  (v);  15  <  v  <  44  feet  per  second 


Load  Factor  (N) :  3  <  N  <  18G 


Stroke  (S):  8  <  S  <  18  inches 

28 

The  load  factor  of  18  is  approximate  since  the  referenced  report  assumed 
that  th  limit  of  18  was  a  dynamic  response  index  of  the  seated  subject  rather 
than  seat  accelerations .  However ,  the  two  are  considered  approximately 
equal  at  this  point. 

The  assumption  was  made  that  25  feet  per  second  would  be  a  reasonable 
criterion.  Inserting  this  into  the  energy  equation  (17), 

Nr)S  =  9.7  (18) 

From  empirical  data  the  efficiencies  of  liquid  spring,  oleos,  honeycomb 
and  plastic  materials  range  from  0.9  down  to  0.7.  Assuming  a 
value  of" 


n=o.7 


NS=13 .9 


n=o  .9 


NS=10 .8 


This  is  plotted  on  the  following  page. 
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The  curve  indicates  that  it  is  possible  to  limit  the  acceleration  levels 
while  keeping  the  stroke  below  18  inches.  If  we  attempt  to  raise  the 
impact  velocity  to  30  feet  per  second,  an  18-iroh  stroke  with  70  per¬ 
cent  efficiency  would  generate  13. 3G  acceleration.  Since  the  crew-member 
is  an  elastic  system  with  approximately  a  0.25  damping  ratio,  the  struc¬ 
tural  input  of  13.3G  can  generate  a  subject  response  of  greater  than  18 
Lynamic  Response  Index  (DRI)  .  This  implies  a  spinal  injury  probability 
of  more  than  5  percent,  the  current  Air  Force  ejection  seat  limit.  It  may 
easily  be  argued  that  the  definition  of  survivable  permits  greater  levels, 
but  it  should  also  be  remembered  that  the  efficiency  of  a  complex  landing 
gear-absorber-structural  system  will  probably  not  be  as  great  as  assumed. 

The  magnitude  of  25  feet  per  second  has  been  selected  as  the  vertical 
impact  velocity  for  crash  design  criteria  based  on  the  objective  and 
subjective  data  available.  It  is  conceivable  that  the  level  could  be  much 
higher  without  severly  penalizing  the  stroke,  but  it  soon  becomes  an 
evaluation,  or  estimation,  of  how  many  possible  survivable  crashes  are 
to  be  absolutely  protected  against,  versus  how  probable  is  the  combination 
of  velocity,  resulting  acceleration,  and  injury.  The  25-foot-per- 
second  magnitude  is  greater  than  half  of  the  survivable  aircraft  accidents 
level,  as  shown  in  Figure  2.  It  represents  a  doubling  of  current  drop 
specifications  and  therefore  an  increase  in  energy  by  a  factor  of  4. 

The  corresponding  fiftieth  (50th)  percentile  longitudinal  and  lateral  velocities 
are  29  feet  per  second  and  15  feet  per  second  respectively,  assuming 
the  Crash  Survival  Design  Guide  distribution.  As  a  means  of  comparing 
this  to  velocities  that  could  be  dissipated,  assume  that  a  15G  impact  is 
permitted  over  18  inches.  A  friction  coefficient  of  0.5  would  cause  a 
translational  deceleration  of  7.5G,  and  ihe  velocity  change  would  be 
approximately  19  feet  per  second.  Two  thirds  of  the  longitudinal  velocity 
could  therefore  be  theoretically  dissipated  by  the  energy-absorbing  landing 
gear  system  prior  to  fuselage  impact.  The  remainder  could  easily  be 
removed  by  fuselage  sliding  friction . 

Although  the  longitudinal  and  lateral  velocities  may  be  appreciable  they 
only  provide  an  indication  of  the  energy  that  must  be  dissipated.  The 
structure  does  not  feel  energy,  only  forces  and  accelerations  which  cause 
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the  energy  to  be  dissipated  over  some  time  interval.  Consequently,  of 
more  importance  than  the  velocity  is  the  coefficient  of  friction  that  exists 
at  the  impact  surface  if  it  is  assumed  that  the  structure  remains  intact. 

If  the  structure  can  carry  the  impact  and  drag  forces,  the  energy  will  be 
dissipated  regardless  of  its  magnitude , 

The  next  aspect  to  be  considered  is  attitude .  As  mentioned  in  the  previous 
chapter,  very  little  attitude  data  is  available.  Crash  data  collected  indicates 
that  attitudes  of  +  5  degrees  in  roll,  pitch,  and  yaw  are  possible  during 
drop  tests .  Of  course ,  this  does  not  necessarily  relate  directly  to  operational 
conditions.  One  skid  specification  does  specify  a  15-degree  nose-down  attitude, 
but  this  is  not  known  to  be  dictated  by  crash  experience .  Considering  the 
lack  of  data,  but  realizing  the  possible  effect  that  may  result  by  tip 
loading  a  skid,  it  seems  reasonable  to  assume  that  10  degrees  of  attitude 
variation  is  certainly  probable  during  autorotation  maneuvers . 


Another  aspect  that  is  related  to  the  nature  of  previous  specifications  is 
load  factor .  It  has  been  shown ,  by  the  simplest  energy  relation ,  that  the 
load  factor  is  truly  a  result  of  system  response  and  as  such  cannot  really 
be  specified  except  as  a  limit.  In  order  to  make  load  factor  applicable,  it 
is  necessary  to  consider  a  magnitude  that  can  be  related  to  the  surviv¬ 
ability  of  the  crewmember .  If  we  assuigg  that  it  is  desirable  to  ljj^ep  the 
impact  acceleration  below  20G  (Eiband  )  ,  or  below  a  DRI  of  18  ,  the 

input  must  be  approximately  15G .  This  is  based  upon  the  existing 
biodynamic  model  of  seated  subjects  exposed  to  vertical  accelerations . 

The  subject  is  a  system  of  8  to  10  Hz  natural  frequency  and  0.22  to  0.30 
damping  ratio.  For  a  step  input  acceleration,  perfect  square  wave,  the 
overshoot  of  such  a  system  is  approximately  30  percent,  and  hence  15G  is 
a  realistic  value  for  fuselage  limit  acceleration . 

The  load  factor  of  15G  is  compatible  with  the  previously  discussed  vertical 
impact  velocity  criteria,  assuming  that  stroke  and  efficiency  can  be  obtained 
as  required  and  assuming  no  injurious  failure  of  the  aircraft  structure . 

This  is  significantly  greater  than  the  current  fuselage  maximum  acceleration 
of  3.5G  magnitude  and  is  strictly  only  applicable  to  the  load  path  that 
exists  between  impact  surface  and  crew  seat .  If  the  energy-absorbing 
system  creates  a  15G  acceleration  at  the  seat  by  decelerating  25  feet  per 
second  over  18  inches,  then  it  theoretically  is  unimportant  whether  or 
not  the  rest  of  the  fuselage  has  survived  beyond  3 .  5G.  Practically,  this 
is  not  so  because  care  must  be  taken  to  insure  that  a  survivable  environment 
exists  in  the  occupiable  areas  and  material  damage  should  be  minimized . 

This  is  as  specifically  mentioned  in  the  Crash  Survival  Design  Guide 
whenever  reinforcement  of  the  cabin  area  is  discussed.  However,  it  is 
now  possible  to  quantitatively  indicate  the  acceleration  level  to  be 
considered . 

Rotor  lift  should  also  be  discussed .  The  more  exact  energy  relation  is 
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where  the  additional  term  assumes  a  rotor  lift  of  two-thirds  of  the  weight. 

At  an  impact  velocity  of  25  feet  per  second,  the  initial  kinetic  energy  is  nearly 
10  times  greater  than  the  rotor  contribution .  This  is  in  comparison  with  the 
conventional  sink  rate  ratio  of  two  to  one .  Therefore ,  although  the  effect  of 
rotor  lift  is  necessary  for  the  conventional  landing  design  criteria,  it  is  of 
lesser  importance  for  crash  criteria. 

Several  other  parameters  are  gross  weight,  center-of- gravity  location,  and 
methods  of  analysis .  It  is  assumed  that  gross  weights  assumed  for  normal 
landing  loads  will  still  be  utilized;  that  is,  design  gross  weight  or  alternate 
gross  weight,  depending  upon  which  was  the  more  critical.  Center-of-gravity 
locations  should  also  be  varied  as  in  normal  analyses.  Ard  lastly,  a  dynamics 
analysis  should  be  conducted  to  reflect  the  elastic  and  plastic  deformation  of 
the  landing  gear  system .  If  the  analysis  is  conducted  using  systems  of  differ¬ 
ential  equations  with  nonlinear  capability,  there  will  be  no  need  for  inertial 
load  factors  or  landing  gear  load  factors .  These  will  simply  become  outputs 
due  to  the  system  characteristics  and  the  initial  conditions  specified . 

The  criteria  selected  for  the  energy-absorbing  landing  gear  concepts  develop¬ 
ment  can  be  summarized  by  an  array  of  conditions.  Roll,  pitch,  and  yaw  may 
vary  within  +  10  degrees.  It  is  assumed  that  the  asymmetric  conditions  of  pos¬ 
itive  roll  and  negative  yaw  cannot  exist.  This  assumes  the  standard  convention 
of  nose  up,  right  wing  down,  and  nose  right  being  positive.  The  number  of 
possible  unique  loading  attitudes  due  to  the  27  combinations  is  9.  That  is  nose  up 
and  positive  roll  and  yaw  produce  the  same  impact  conditions  as  nose  up  and 
negative  roll  and  yaw .  The  velocity  combinations  are  25  feet  per  second  verti¬ 
cal,  29  feet  per  second  longitudinal,  and  15  feet  per  second  lateral.  These  pro¬ 
vide  four  more  combinations  to  examine,  assuming  that  the  vertical  velocity  al¬ 
ways  exists  and  that  the  lateral  velocity  is  always  in  the  direction  of  the  roll. 

These  conditions  are  shown  in  Table  V. 


40 


TABLE  V 

IMPACT  CRITERIA  FOR  ENERGY -ABSORBING  LANDING 

GEAR 

ATTITUDE  ANGLE  (DEGREES) 

IMPACT  VELOCITY  (FT/SEC) 

Condition 

Number 

Roll 

Pitch 

Yaw 

Vertical 

Longitudinal 

Lateral 

1 

E’H 

0 

0 

25 

0 

0 

3 

+10 

+10 

0 

25 

• 

0 

• 

0 

35 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

36 

-10 

-10 

-10 

25 

29 

15 

By  examining  the  36  conditions  tabulated,  all  previously  desired  con¬ 
ditions  of  simultaneous  load  application  and  attitude  are  automatically 
included .  Condition  1  is  pure  vertical  drop ,  whereas  Condition  36  is  the 
most  unusual  attitude  possible  with  maximum  velocity  input. 

Additional  criteria  are: 

1 .  The  occupiable  structure  should  be  crashworthy  through  a  15G 
limit  acceleration  and  should  provide  sufficient  structural 
integrity  between  the  impact  point  and  cockpit  floor  to  carry 
any  loads  generated  by  the  above  conditions  and  the  energy¬ 
absorbing  landing  gear. 

2 .  Rotor  lift  is  relatively  insignificant . 

3 .  The  critical  design  weight  should  be  used  . 

4.  The  critical  center-of-gravity  position  should  be  used. 

5 .  A  coefficient  of  friction  at  the  impact  point  must  be  used  that 
is  representative  of  the  ground  condition .  In  the  absence  of 
friction  data,  a  coefficient  of  0.5  may  be  assumed  to  be  con¬ 
sistent  with  the  value  specified  in  ANC-2  for  normal  landing 
conditions . 

The  criteria  specified  are  sufficient  to  develop  design  concepts  provided 
basic  data  of  the  helicopter  configuration  are  available .  Such  data  are 
presented  in  the  next  section . 

3.3  HELICOPTER  CONFIGURATION  DATA 

Before  concepts  could  be  developed ,  it  was  necessary  to  have  some  means  of 
estimating  the  approximate  size  of  the  configuration  desired .  It  would  be 
possible  to  just  select  a  vehicle  of  each  type  and  utilize  its  characteristics . 
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However,  it  is  more  advantageous  to  collect  dimensional  data  on  all  possible 
vehicles  and  then  see  if  there  is  any  significant  trend  in  dimensions  as  a 
function  of  gross  weight. 

A  survey  of  helicopter  aircraft  data  was  undertaken  to  determine  typical 
values  of  the  locations  of  the  landing  gear  with  respect  to  the  aircraft  center 
of  gravity,  and  to  determine  the  three  moments  of  inertia.  Fifty-two  aircraft 
were  considered.  The  priq^ry  source  of  data  was  the  latest  copy  of  Jane's 
"All  the  World's  Aircraft" .  Data  were  taken  directly  from  this  source 
or  estimated  from  pictures  or  drawings  and  overall  aircraft  dimensions. 

The  center  of  gravity  was  estimated  on  the  basis  of  location  of  engine  and 
other  components ,  and  was  generally  taken  to  be  directly  under  the  rotor 
axis.  Those  dimensions  shown  in  Figure  3  were  recorded  and  plotted  against 
the  gross  weight  of  the  aircraft.  Typical  dimensions  were  taken  from  these 
graphs  for  various  combinations  of  the  three  aircraft  weight  categories  and 
the  landing  gear  type  (see  Table  VI)  . 

The  landing  gear  fuselage  attachment  locations  are  generally  the  same  distance 
fore  and  aft  of  the  center  of  gravity ,  as  are  the  ground  touch  points  for  the 
tricycle  and  quadricycle  landing  gears.  In  almost  all  helicopters  the  landing 
gear  are  attached  to  the  extreme  lateral  edge  of  the  fuselage .  Some  of  the 
Bell  helicopters  with  skid  landing  gears  were  attached  nearer  to  the  center 
of  the  bottom  of  the  fuselage.  Nearly  all  of  the  Sikorsky  (medium-  cargo)  heli- 
opters  and  landing  gear  were  attached  to  the  extreme  lateral  edge  and  bottom 
of  the  fuselage  through  retractable  wheels .  These  landing  gear  also  have 
additional  struts  which  attach  4  to  8  feet  above  the  bottom  of  the  fuselage . 

Moments  of  inertia  with  respect  to  the  pitch,  roll,  and  yaw  axes  were  calculated 
for  the  three  helicopter  weight  categories.  Weights  and  their  positions  relative 
tc.  ie  center  of  gravity  were  estimated  or  obtained  directly  from  References 
34  and  35.  The  weight  of  the  engine,  fuel  tanks,  and  transmission  were, 
in  most  cases,  lumped  together  at  the  center  of  gravity  and  assumed  to  be 
a  sphere  or  uniform  mass.  The  remainder  of  the  mass,  which  included  the 
cargo  and  the  fuselage,  was  assumed  to  be  evenly  distributed  throughout 
a  cylinder  centered  at  the  center  of  gravity  and  with  the  approximate  dimensions 
of  the  fuselage .  The  three  moments  of  inertia  were  calculated  using  these 
two  approximations  and,  as  expected,  the  moments  of  inertia  with  respect 
to  the  pitch  and  yaw  axes  were  larger  than  the  moment  of  inertia  with  respect 
to  the  roll  axis .  From  the  calculated  moments  of  inertia  and  the  gross  weight 
of  the  aircraft,  the  radius  of  gyration  was  calculated  and  cross-checked 
with  the  known  helicopter  fuselage  dimensions.  The  three  moments  of  inertia 
are  shown  in  Table  VII  for  each  of  the  three  helicopter  weight  categories . 

The  plotted  dimensional  data  indicates  that  there  is  no  apparent  strong  linear 
weight  dependence.  The  scatter  was  very  great  because  of  the  many  types 
of  landing  gear  systems  used  and  the  variations  that  are  inherent  because 
of  manufacturer  design  philosophy.  The  moment  of  inertia  data,  although 
approximate,  agree  favorably  with  limited  available  data.  UH1  data  for  the 
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Figure  3.  Basic  Helicopter  Dimensions. 


TABLE  VI.  DATA  ON  HELICOPTER  LANDING  GEAR  (REF.  FIG.  3) 
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4  5  5  2 

heaviest  gross  weight  reported  3.06x10  ,  1,41x10  and  1.22x10  in. -lb-sec 
for  roll,  pitch,  and  yaw  respectively.  The  maximum  difference  is  then  16 
percent  and  the  minimum,  less  than  1  percent. 


TAB 

LEVH.  TYPCLAL 

VALUES  OF  MOMENTS  OF  INERTIA 

Gross 

Moments  or  Inertia  (in-lb-sec^) 

Helicopter 

Weight 

Range 

(lb) 

^oll 

JPitch 

*Yaw 

LOH 

2,100  -  1,700 

1 . 5xl03 

3.5xl03 

3.5xl03 

UH 

8,500  -  11,000 

2.5xl04 

1.4xl05 

1.4xl05 

CH 

33,000  -  39,000 

3  .7xl05 

8 . 3xl06 

8.3xl06 

3.4  CONCEPT  DEVELOPMENT 

Three  concepts  are  required  to  reflect  the  effects  of  weight  class  upon 
configuration,  energy  absorption,  hardware,  costs,  etc.  The  procedure 
followed  is  to  establish  a  configuration  that  first  satisfies  the  normal 
landing  loads  requirement  and  then  to  establish  the  forces  and  energy 
levels  that  are  developed  because  of  the  crash  energy  absorption  criteria . 

In  each  case  the  vertical  response  is  calculated  first  to  determine  a 
concept  capable  of  attenuating  the  primary  impact  parameter.  This  is 
done  primarily  because  of  the  difficulties  encountered  in  examining  combined 
loads  and  unusual  attitudes .  In  order  to  develop  reasonable  concepts 
it  is  necessary  to  progress  from  the  simplest,  analytically,  to  the  most 
difficult .  To  do  otherwise  would  be  to  become  lost  in  variations  of  load 
applications,  load  locations,  and  structural  redundancies  with  their  necessary 
mixtures  of  dynamic  and  structural  analyses . 

3.4.1  Medium-Cargo  (CH)  Class  Configuration 

The  CH  vehicle  is  defined  as  a  helicopter  having  a  gross  weight  range 
of  33,000  to  39,999  pounds.  The  first  step  was  to  define  a  wheel-type  landing 
gear  system  that  will  satisfy  the  normal  landing  loads  criteria . 

3 . 4 . 1 . 1  Baseline  Design 

The  stroke  required  for  an  air-hydraulic  cylinder  and  tire  system  has  been 
empirically  shown  to  be 

-r-=  0.  8N  -  0.469N0,23  +  0.47N1,9K  ,9fn 


where  h  is  the  drop  height  required  (ft) 
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r  is  the  ratio  of  vertical  movement  to  strut  closure 


1  is  the  stroke  (ft) 

N  is  the  vertical  load  factor 
K  =£S“)  (|) 

where  6  is  the  maximum  tire  deflection  (ft) 

W  is  the  burst  load  of  the  tire  (lb  ) 

P  is  the  static  weight  carried  by  one  tire  (lb  ) 

The  tire  is  assumed  to  be  a  low  pressure  tire  of  6  to  9  inches  width  and 
capable  of  carrying  a  maximum  load  three  times  greater  than  its 

W 

static  design  pressure  fp-  =  3) .  Maximum  tipp  deflection,  6 
is  approximately  two-thirds  of  the  tire  width .  Drop  height  is3^^  ft. 
corresponding  ^  an  impact  velocity  of  12  ft/sec,  and  maximum  load  factor 
desired  is  3.5.  Inserting  these  values  into  the  stroke-required  equation 
yields  a  stroke  length  of  8 . 5  inches .  In  order  to  provide  a  compression 
ratio  of  four,  the  clearance  volume  must  be  one-third  of  the  stroke,  and 
therefore,  the  total  cylinder  length  required  is  approximately  12  inches. 
It  is  now  necessary  to  determine  the  other  dimensions  required  to  locate 
the  strut  relative  to  the  fuselage  and  ground. 

The  vehicle  will  be  assumed  to  have  tricycle  landing  gear  with  equal  load 
distribution.  The  resulting  13,000  pounds  per  tire  requires  a  multiple  tire 
configuration  per  cylinder.  By  referring  to  MIL-T-5041E,  a  Type  III  MH-TL 
8.50  x  10,  10-ply  tire  is  necessary.  The  tire  has  a  maximum  height  of  26-. 3 
inches  with  a  rim  diameter  of  10  inches  and  static  deflection  35  percent  of  the 
sidewall  depth. 

The  shock  dimensions  are  finalized  by  assuming  that  the  head  of  the 
piston  requires  5  inches  of  depth  for  a  structural  tie,  9  inches  of 
bearing  overlap ,  and  at  least  5  inches  beneath  the  strut  foi  torque  scissor 
mechanism  and  structure . 

All  of  the  above  dimensions  are,  of  course,  based  upon  empirical  equations 
as  well  as  specification  information  and  an  appreciation  for  the  structural 
material  that  must  exist.  The  data  are  a  set  of  basic  design  numbers 
indicative  of  the  class  being  examined. 

The  landing  gear  system  developed  from  these  dimensions  is  shown  on 
the  following  -age. 
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The  location  of  the  landing  gear  relative  to  the  fuselage  must  be  established . 

If  air  pressure  were  lost  in  the  oleo  and  the  tire  became  flat,  clearance  would 
still  be  required  between  the  fuselage  and  the  ground.  A  6 -inch  clearance  is 
assumed.  Adding  the  clearance,  static  oleo  stroke,  and  static  tire  deformation, 
the  upper  attachment  point  of  the  strut  must  be  66  inches  above  the  ground  to 
provide  an  18-inch  static  clearance  above  the  ground.  The  resulting 
configuration  is  shown  in  Figure  4 . 

The  original  criteria  of  3 . 5G  permissible  fuselage  load  factor  and  the 
12-foot-per-second  sink  rate  were  used  to  arrive  at  the  configuration 
found .  The  crash  criteria  must  now  be  examined  to  determine  the 
feasibility  of  using  this  system  for  energy-absorption  purposes . 


The  oleo  strokes  9  inches  to  get  the  vehicle  up  to  3 . 5G . 
dissipated  is: 

U=pNP6 


The  energy  (U) 


using  previous  terminology . 

Since  the  oleo  efficiency  is  about  0.8  and  the  static  weight  per  wheel  is 
13,000  pounds,  the  energy  is  328,000  inch-pounds.  The  total  energy 
to  be  dissipated  based  upon  proposed  criteria  is 

U=£MV2=1 , 520 ,  OOOin-lb  when  V=25— 

sec 
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Upper  Longeron 


Figure  4.  Medium-Cargo  Configuration. 
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If  the  energy  absorber  is  a  liquid  spring  or  equally  efficient  absorber, 
the  energy  relation  would  be 


U  =nF6 
ea 


n=o,9 


where  F  is  the  peak  force  developed  at  the  end  of  a  stroke  of  8  inches . 

The  energy  that  must  be  absorbed  after  the  3 . 5G  level  has  been  sur¬ 
passed  is 


1.52x10 


6 


where  1.52x10 
0.33x10 


0.33xl08=U  =  0 . 9FS 

ea 

=  Total  energy 
=  Landing  gear  energy 


(23) 


The  allowable  vertical  stroke  is  the  difference  between  static  clearance 
minus  compression,  and  the  remaining  fuselage  clearance.  This  g 
results  in  a  9-inch  vertical  stroke.  The  peak  force  is  then  0.147x10° 
pounds .  If  we  examine  the  rigid  body  acceleration  of  the  fuselage  due  to  these 
forces  acting  on  the  fuselage,  the  load  factor  would  be 


11. 3G 
14. 5G 


11=0.9 

0=0.7 


Therefore,  it  appears  that  even  an  inefficient  absorber  that  can  permit 
the  proper  energy  to  be  dissipated  over  a  9-inch  stroke  will  not  cause 
the  vehicle  to  exceed  the  15G  criterion  established  for  fuselage 
structure . 

Figure  4  shows  the  simplest  structure  possible  to  carry  all  applied 
forces  at  the  wheel  impact  surface .  Each  member  is  a  rigid  link  with 
pinned  ends  to  permit  only  axial  loads .  The  wheel  span  and  fuselage 
size  are  assumed  from  the  data  of  the  previous  section .  The  structural 
width  was  based  only  upon  a  symmetrical  height  to  width  dimension  for 
upper  and  lower  trusses . 

3. 4. 1.2  Concepts  for  Attenuation  of  Vertical  Crash  Loads 

It  is  assumed  that  the  energy  absorbed  by  the  energy  absorbers  is  dissi¬ 
pated  after  the  oleo  is  fully  stroked  and  the  tire  has  ruptured .  This  is  shown 
in  Figure  5 .  This  is  a  reasonable  and  conservative  assumption .  The  tire  fails 
at  a  burst  pressure  of  four  times  the  static  weight,  when  the  oleo  has  stroked 
ana  is  on  the  clearance  volume .  The  oleo  contributes  very  little  energy  absorption 
beyond  its  design  stroke  since  it  is  in  that  portion  of  the  pressure-volume 
curve  that  it  acts  more  nearly  as  a  rigid  link  rather  than  an  absorber.  Hence, 
the  3  inches  is  conservative  in  that  there  is  a  greater  stroking  distance  available 
than  assumed . 


49 


Figure  5.  Configuration  Prior  to  Energy  Absorption. 


The  first  concept  shown  (Figure  6)  assumes  that  the  lower  elements  of 
the  truss  remain  rigid  and  that  the  upper  elements  are  permitted  to 
compress.  Prior  to  compression,  the  forces  build  up  to  a  level  below 
the  peak  magnitude  established  in  the  previous  section  (147,000  pounds) 
and  the  absorber  is  then  permitted  to  begin  its  stroke.  The  level  that 
will  balance  the  force  at  any  particular  instant  will  be  determined  by 
the  operational  nature  of  the  energy  absorber  but  will  eventually  approach 
the  peak  value.  In  order  to  determine  conceptual  forces,  the  peak  value 
is  used,  realizing  that  this  would  be  true  only  if  a  square  wave  device 
is  actuated  instantaneously  when  that  level  is  reached .  In  the  case  of  a 
liquid  spring,  the  device  would  have  to  be  mechanically  in  parallel  with 
the  existing  strut.  When  the  strut  reaches  a  particular  displacement, 
or  fails,  the  spring  would  actuate  and  quickly  establish  the  force  levels 
required  to  dissipate  the  correct  energy.  The  only  point  to  be  made 
is  that  ideally  the  vertical  force  strokes  through  several  inches  at  the 
tire  rim,  while  the  energy  absorber  strokes  at  a  constant  force  through 
the  number  of  inches  required.  Practically,  there  are  transient  levels 
that  will  modify  the  results . 

The  applied  force  of  147,000  pounds  acts  vertically  at  54  inches  from 
the  attachment  points .  As  the  landing  gear  system  is  raised ,  it  rotates 
and  the  moment  generated  is  altered  by  the  change  in  orientation. 

However,  the  change  is  neglected.  Hence,  over  the  crushing  of  the 
upper  element,  the  reaction  is  a  constant  value: 


R  = 


147,000  x  54 
70.2 


56,700 


in  ■  lb 
attachment 


Because  of  the  orientation  of  the  strut,  the  axial  force  in  each  is 
65,200  pounds.  The  system  rotates  up  as  shown  a^d  the  strut  com¬ 
presses  12.3  inches.  This  will  dissipate  1.61  x  10°  inch-pounds  of 
energy.  Since  the  original  energy  to  be  dissipated  was  less,  and  yet  the 
deformation  of  the  strut  must  be  kinematically  linked  to  the  9  inches  of 
displacement,  the  peak  force  desired  within  the  energy  absorber  must  be 
53,500  pounds.  The  vehicle  impacts  and  begins  to  decelerate.  The 
acceleration  quickly  exceeds  the  normal  impact  levels,  and  the  impact 
force  at  the  wheel  reaches  121,000  pounds.  The  energy  absorbers 
stroke  as  the  landing  gear  system  is  raised,  and  the  applied  force  of 
147,000  pounds  acts  to  accelerate  the  landing  gear  relative  to  the 
fuselage.  The  applied  force  peaks  at  a  value  greater  than  that  necessary 
and  the  available  and  dissipated  energy  balance.  This  type  of  approach  is 
the  only  means  available  to  solve  a  kinematical  and  dynamics  problem 
without  using  the  true  force-displacement  characteristics  of  the  elements. 


3. 4. 1.3  Energy  Absorption  Techniques 


The  next  aspect  is  whether  these  requirements  can  be  met  by  any  practical 
means.  From  the  previous  chapter  it  is  possible  to  calculate  the 
required  dimensions  for  various  types  of  energy-absorbing  devices. 
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3. 4. 1.3.1  Collapsible  Tube 

For  the  collapsible  tube,  the  mean  force  is 

P  =  8  (o  +  0.25H)  t  3/2  D  1/2  (12) 

y 

For  6061-T6  o  =  40,000  psi  and  H  =  30,000  psi.  Solving  for  a  53,000  pound 
capability  yiei&s  a  tube  of  2 . 1  inch  diameter .  In  order  to  be  in  short  column 
range,  the  effective  slenderness  ratio  KL/r  must  be  less  than  63°  .  A  2.0  inch- 
diameter  tube  with  3/16  inch  wall  thickness  has  a  radius  of  gyration,  r,  of  0.644. 
Therefore,  for  a  pinned -pinned  column,  KL/r  =  1.55L.  The  critical  column  length 
is  40.7  inches.  Therefore,  it  appears  that  it  is  conceptually  feasible  to  have  a 
compressible  tube  within  the  upper  link  of  sufficient  length  to  have  end  attach¬ 
ments  and  the  12.3  inches  of  stroke  and  not  exceed  a  buckling  length. 

The  load  relation  for  an  invertube  is 


(23) 


where  A  is  cross  sectional  area  of  tube  wall 


is  plastic  yield  stress 


t  is  wall  thickness 


c  is  curvature  parameter 

Assuming  a  D/t  of  10  and  calculating  a  curvature  parameter  of  2  yields  a  tube 
of  4-inch  outside  diameter  and  0 .4-inch  wall  thickness  for  the  same  material  as 
the  compressible  tube.  A  4-inch  OD  and  3/8-inch  wall  tube  has  a  radius  of  gy¬ 
ration  of  1.289,  and  hence  the  critical  column  length  is  81  inches.  Again,  con¬ 
ceptually,  an  invertube  would  function  properly. 

3. 4. 1.3. 2  Cyclic  Strain  Device 

Rolling  torus  type  devices  are  available  with  appropriate  characteristics .  It 
is  desirable  to  have  the  strut  as  a  pinned  element.  Heavy-duty  pinned-pinned 
elements  have  the  capability  of  requiring  25,000  pounds  actuation  force  and 
developing  millions  of  inch-pounds  of  energy .  It  is  desired  to  have  units  of 
one  stage  and  approximately  50  inches  in  length ,  this  would  result  in  an  ex¬ 
tended  length  (L  ext)  to  compression  length  (L  com)  ratio  of  less  than  1.5  (Fig. 
7)  The  Model  H  can  develop  25,000  pounds  provided  the  length  is  less  than 
approximately  100  inches  (Fig.  8)  .  Fortunately,  the  element  can  be  less  for  the 
concept  application,  and  the  energy  is  then  dissipated  over  the  stroke  required. 
If  two  devices  were  placed  in  parallel,  50,000  pounds  of  retarding  force  would 
be  available.  The  stroke  is  one-third  of  the  total  length,  hence,  a  37-inch,  or 
greater,  unit  is  required.  Two  heavy-duty  Model  H,  small,  TOR-SHOK  devices 
of  37-inch  total  length  would  suffice. 
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TOR-SHOK  ARA  Design  Curves,  Models  S  and  L, 
Maximum  Extended  to  Compressed  Length  Ratio. 


3. 4. 1.3. 3  Liquid  Spring 

Liquid  springs  can  be  designed  to  provide  just  about  any  shock  absorbing 
characteristic  required .  However ,  the  specific  design  is  a  function  of  the 
compressible  media  used  as  well  as  the  orifice  and  piston  configuratior  .  For 
this  reason  it  is  better,  at  least  for  a  concept,  to  consider  the  application 
of  known  pieces  of  hardware.  As  an  example,  there  is  a  commercially 
available  "Fluidicshok"  device  that  develops  46,000  pounds  over  6  inches. 

The  force  is  a  long  life  value  and  can  be  increased  by  30  percent  for  limited 
applications.  This  raises  the  capability  to  over  59,000  pounds  and  the  energy 
capacity  to  288,000  inch-pounds  per  actuator.  By  placing  two  in  series,  we 
have  the  gapability  of  carrying  59,000  pounds  over  12  inches  and  dissipating 
1.15  x  10°  inch-pounds  of  energy.  Consequently,  although  the  particular 
unit  is  not  quite  what  is  desired,  it  is  very  indicative  of  the  unit  that  would  be 
necessary.  The  3-inch-diameter  unit  is  15  inches  long,  and  two  would  fit 
between  the  attachment  points  of  landing  gear  strut  and  fuselage. 

The  unique  aspect  of  a  liquid  spring  is  that  there  must  be  some  relative 
velocity  across  the  device .  If  a  liquid  spring  is  slowly  loaded ,  it  will 
gradually  stroke  with  very  little  force,  neglecting  preload.  Therefore, 
structure  that  can  carry  normal  static  loads  must  be  provided  in  addition 
to  any  energy-absorption  hardware .  A  liquid  spring  cannot  carry  a  large 
static  load  and  still  provide  energy -absorption  capability. 

The  two  particular  hardware  designs  are  shown  in  Figure  9 .  These 
are  shown  primarily  to  establish  the  overall  configuration  of  each  and  to 
demonstrate  that  particular  designers  would  have  to  consider  many 
practical  design  features  in  order  to  make  the  system  operable .  Both 
require  a  compression  unit  of  approximately  60  inches  length;  this  is 
achieved  by  either  a  series  or  parallel  mechanical  system .  The  end 
fittings  must  provide  a  swivel  or  ball  joint  capability,  which  is  not 
particularly  unusual  for  the  truss  arrangement  shown .  Similar  fittings 
are  currently  contained  in  the  truss  arrangements  of  the  CH-3 . 

3. 4. 1.3. 4  Comparative  Data 

Before  continuing  into  other  concept  problem  areas,  it  is  desirable  to 
present  some  means  of  comparing  the  information  considering  aspects 
other  than  energy,  force,  and  stroke  requirements. 

In  general,  the  metal  deformation  techniques  are  the  simplest  consider¬ 
ing  the  mechanism  of  achieving  energy  absorption  .  They  are  also  the 
cheapest  items  if  device  cost  alone  is  considered .  There  is  no  main¬ 
tenance,  and  the  weight  is  an  absolute  minimum  since  the  device  is 
capable  of  carrying  all  forces  from  normal  loads  through  crash  loads. 

However,  there  is  some  question  concerning  the  reliability  of  the  unit. 
Reliability  can  be  considered  acceptable  only  after  many  have  been  tested 
and  evaluated  over  the  range  of  forces,  strain  rates,  and  bending 
moment  values  possible.  Hence,  the  material  costs  may  be  only  a  small 
portion  of  the  development  costs  required .  The  basic  problem  in  using 
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metal  deformation  techniques  is  the  lack  of  data  at  the  conditions 
required  for  this  particular  application . 


The  cylic  strain  devices,  such  as  the  TOR-SHOK  or  Mechanics  Research 
Incorporated  absorbers,  can  carry  normal  and  impact  forces  without 
additional  structure.  They  should  not  require  excessive  maintenance  if 
properly  protected  from  the  environment.  Some  limited  data  have  shown 
an  environmental  e^fpct  on  the  starting  force  which  was  caused  by 
rusting  of  one  tube  .  The  costs  of  TOR-SHOK  devices  are  approximately 
hundreds  of  dollars  apiece,  while  MRI  type  devices  have  been  an  order 
of  magnitude  higher .  The  weight  of  the  TOR-SHOK  devices  is  about 
20  pounds  for  a  25,000  pound  unit  of  30  inches  length.  Comparable  MRI 
data  are  not  available . 

The  liquid  spring  device  has  been  used  for  many  unusual  environments  and 
loading  conditions .  The  unit  has  only  a  limited  number  of  parts  and 
proven  reliability.  The  46,000  pound  unit  weighs  about  20  pounds  and 
costs  several  hundreds  of  dollars  per  unit.  The  primary  disadvantage 
is  that  additional  structure  must  be  provided  to  maintain  any  appreciable 
static  load. 

Qualitative  information  for  the  various  concepts  is  compared  in  Table  VIII . 


rABLE  VIII.  COMPARATIVE  DATA  FOR  ENERGY  ABSORBER  TECHNIQUES 


'  ~~  ■— \ 

1 

Metal 

Defor¬ 

mation 

Cyclic 

Strain 

Typical 

Liquid 

Spring 

Capability  to  Carry  Static 
..oads 

Yes 

Yes 

No 

Crash  Load  Capability 

^Unproven 

Proven 

Proven 

environmental  Effects 

Possible 

1 

Possible 

Negligible 
(~60°F  to  +200°F] 

*The  exception  to  this  is  the  crushing  of  honeycomb  which  has  been  used 
successfully  in  several  applications , 
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t  TABLE  VHI.  (CONTINUED) 

Metal 

Defor¬ 

mation 

Cyclic 

Strain 

Typical 

Liquid 

Spring 

Reliability 

Unkn< 

Some  Basis 
Available 

Proven 

Maintainability 

Limitc 

Limited 

None 

Required 

Simplicity  (of  the  device) 

Simplest 

Most  Com¬ 
plex 

Ten 

Parts 

Weight  (of  the  device) 

4. 5-301b/unit 

30  lb/Unit 

30  lb/Unit 

System  Weight  (concept) 

Least 

Mean  Value 

Greatest 

_  ...  . . — ~ - - j 

3. 4. 1.4  Concept  Variations 

Another  means  of  dissipating  the  energy  is  to  have  the  lower  elements 
extend  as  the  landing  gear  folds  outboard  under  load  (Figure  10)  .  This 
method  is  not  as  efficient  in  that  the  loads  contained  in  the  tension  members 
are  smaller  and  require  a  greater  stroke .  It  was  assumed  that  an  applied 
force  at  the  outboard  tire  centerline  would  generate  the  extension 
initiating  moment  and  require  a  balancing  axial  force  of  19,300  pounds. 

As  the  applied  force  increases  to  the  peak  of  147,000  pounds,  the  average 
required  (considering  the  change  in  orientation)  becomes  51,000  pounds. 
Over  a  stroke  of  17  inches,  only  85  percent  of  the  total  energy  is  dissipated. 
If  the  fuselage  were  to  crush  without  any  significant  resistance,  a  20-inch 
stroke  would  be  required,  the  energy  would  balance,  and  the  vehicle 
would  have  crushed  5  inches . 


Both  dual  acting  hardware  types  previously  mentioned  could  be  used . 

The  cyclic  strain  units  can  be  made  to  variable  lengths,  and  two  60-inch 
units  in  parallel  would  have  the  20-inch  stroke  required  with  50,000-pound 
capability.  The  liquid  spring  system  would  require  three  units  in  series 
and  structurally  in  parallel  with  a  strut  capable  of  carrying  the  normal 
loads.  Three  in  series  would  have  18-inch  capability  and  require  45 
inches  of  length.  The  other  passive  energy-absorption  devices, 
compression  tubes ,  invertubes ,  etc . ,  would  not  provide  the  tension 
capability  required .  Another  tension  element  concept  is  shown  in 
Figure  11.  The  upper  and  lower  elements  are  rigid,  and  the  middle  p»ir 
provide  a  means  of  pivoting  the  landing  gear .  The  axial  force  levels 
are  large,  79,200  pounds,  and  8.5  inches  of  stroke  will  permit  the 
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Figure  10.  Extended  Lower  Strut  Concept. 


fuselage  to  bottom .  The  energy  dissipated  is  within  2  percent  of  the 
available.  Three  cyclic  strain  devices  could  be  used,  or  one  liquid 
spring  device .  There  is  a  commercially  available  liquid  spring  of 
82,000  pound  peak  force  with  a  10  inch  stroke.  The  unit  is  specifically 
a  compression  unit,  but  the  liquid  spring  concepts  are  equally  applicable 
for  both  compression  and  tension.  Since  this  unit  is  available,  a  tension 
device  can  be  provided . 

Two  other  approaches  are  shown  in  Figures  12  and  13.  Both  rely  on  being  able 
to  maintain  the  configuration  of  the  landing  gear  support  structure  and 
permitting  the  fuselage  attachment  points  to  be  extended  or  compressed. 

Both  configurations  have  many  inherent  difficulties  not  contained 
in  the  previous  concepts.  If  the  lower  attachment  point  is  to  be  withdrawn, 
a  vertical  force  component  must  be  carried  by  structure  running  from  the 
lower  attachment  to  the  upper .  This  means  that  a  portion  of  the  frame 
must  tear  out,  or  separate  structure  must  be  provided,  such  that  as  the  point 
swings  out  the  vertical  force  is  transferred  to  the  upper  attachment . 

Otherwise,  the  energy  absorber  must  carry  bending.  The  forces  and  strokes 
can  be  satisfied  by  cyclic  strain  or  liquid  spring  devices . 

If  the  upper  attachment  point  crushes ,  the  fuselage  structure  must  be 
penetrated  or  additional  structure  must  be  provided  above  the  frame . 

The  stroke  would  have  to  be  guided  to  provide  reaction  capability  for  the 
vertical  components . 

Another  approach  would  be  multiple  energy  dissipation  paths.  Figure  14 
indicates  an  attempt  to  absorb  the  energy  vertically  in  the  frame .  If  the 
structure  is  permitted  to  rotate  as  the  vertical  force  at  the  lower  attach¬ 
ment  strokes,  the  required  length  would  crush  the  fuselage.  If  it  is 
assumed  that  the  upper  strut  can  compress  a  small  amount,  9  inches 
would  be  adequate  clearance.  The  figure  shows  a  9-inch  vertical 
displacement  of  the  50,500-pound  vertical  reactions,  and  a  compression  of 
2.8  inches  of  the  65,200  pound  axial  force  upper  elements.  This  would 
provide  the  necessary  absorption  within  4  percent.  The  lower  attachment 
would  require  a  guide  mechanism  to  react  the  horizontal  component . 

Neither  force  no~  stroke  requirement  is  demanding  for  the  current 
hardware  previously  mentioned . 

The  last  concept  (shown  in  Figure  15)  is  designed  to  eliminate  any  drag 
being  carried  through  the  energy-absorbing  link.  This  will  be  shown  to  be 
important  in  the  next  section .  The  configuration  has  triangular  trusses 
to  carry  the  drag  loads,  and  the  vertical  elements  can  balance  any 
applied  vertical  or  side  load .  The  concept  is  similar  to  the  CH-3 
truss  system.  If  the  system  rotates  about  the  center  attachment,  the 
upper  and  lower  elements  carry  123,000  pound  axial  force  over 
approximately  a  5-inch  stroke . 

The  simplified  load  paths  create  very  large  forces.  This  was  done  to 
demonstrate  a  concept  that  produces  force  levels  that  would  tend  to 
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eliminate  available  cyclic  strain  devices  because  of  the  number  of  units 
required.  However,  there  is  a  commercially  available  liquid  spring 
having  120,000  pound  (nominal)  capacity  with  6-inch  stroke.  The 
concept  is  shown  in  Figure  16 . 

Several  variations  of  the  original  concept  have  been  presented  to  indicate 
that  there  are  many  possible  means  available  to  dissipate  energy.  The 
most  direct  method  is  to  crush  or  elongate  an  axial  load  carrying 
member .  This  is  accomplished  by  having  truss  arrangements  and 
limiting  the  number  of  elements  that  can  be  solved  by  statically  deter¬ 
minate  methods .  It  is  apparent  that  if  variations  of  energy-absorbing 
capability  were  examined  for  all  possible  combinations  of  upper,  lower, 
and  middle  strut  compression  and  elongation,  as  well  as  attachment 
point  motion  there  would  be  many  pages  of  concepts .  This  could  be 
further  extended  by  considering  the  addition  of  beam  elements  rather 
than  axial  elements.  However,  several  comments  can  be  made  about 
the  limited  concepts  observed  . 

First,  any  motion  tends  to  introduce  forces  or  deformations  not  along 
the  axis  of  the  absorber .  These  must  be  taken  out  by  appropriate  pinned 
connections .  Because  of  the  practical  aspects  of  achieving  this  and  yet 
carrying  large  forces ,  it  appears  that  the  techniques  of  deforming  metal 
have  limited  proven  capability  for  this  application .  The  compressible 
tube ,  invertube ,  and  frangible  tube  techniques  have  not  been  tested  for 
the  configurations  required.  Empirical  relations  are  available  for  each, 
but  the  relations  must  be  used  for  extrapolation  rather  than  interpolation . 
Additionally ,  any  compression  member  is  usually  sensitive  to  the 
eccentricity  of  the  applied  load  .  Any  introduced  bending  could ,  at 
operating  levels,  ^ause  failure  of  the  absorber. 

Secondly,  it  appears  as  though  the  energy  levels  and  force  levels  re¬ 
quired  are  within  the  capabilities  of  current  cyclic  strain  and  liquid 
spring  devices. 


3.4. 1.5 


and  Side  Load  Effects 


The  drag  and  side  forces  have  been  calculated  assuming  a  coefficient  of 
friction  of  0.5.  This  was  based  upon  the  value  specified  by  ANC-2. 

The  peak  vertical  force  is  assumed  to  be  the  original  147,000  pounds  per 
strut.  Fortunately,  as  the  force  builds,  the  moment  arm  decreases. 

The  peak  applied  drag  force  (D)  and  resulting  moment  (M)  are 

D=  yF  =  0.5  (147,000)  =  73,500  lb  (2a) 


M=22D  =  1,617,000  in. lb  (25) 

These  result  in  axial  forces  of  60,500  pounds,  27,500  pounds,  and 
192,000  pounds  in  the  upper,  middle,  and  lower  struts  respectively. 

The  peak  applied  side  force  and  moment  introduce  axial  forces  of 
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Figure  lo  .  Developed  Force  Concept  -  Both  Element.  Stroke 


24,700  pounds,  13,  is,  and  78,000  pounds  into  the  same 

members  in  the  same  manner. 


The  summation  of  these  is  shown  in  Figure  17.  It  is  quickly  evident 
that  the  drag  and  side  forces  have  significant  effect,  The  immediate 
question  is  how  to  provide  protection  for  the  variations  that  may  exist. 

Table  IX  presents  the  possible  combinations  of  forces  to  be  absorbed . 

It  is  necessary  that  the  absorbers  work  for  the  vertical  drop,  and  it  is 
only  reasonable  based  upon  the  available  accident  data,  that  drag  forces 
will  be  present .  This  seems  realistic  for  an  autorotation.  Consequently, 
it  is  necessary  to  determine  those  links  that  are  consistent  with  pre¬ 
viously  developed  concepts.  The  only  acceptable  ones  are  elements  3 
and  4  which  extend  during  impact.  If  the  drag  is  considered  to  be 
present  whenever  the  impact  occurs,  it  is  necessary  to  lower  the 
actuation  level  of  the  forward  absorber  from  79,000  to  51,500  pounds 
and  maintain  the  other  at  79,000  pounds.  In  this  manner,  when  the 
impact  builds  to  65  percent  of  the  pure  vertical  value, the  forward  link 
yields,  dumping  the  load  into  the  other  elongating  strut.  At  that  instant, 
the  rear  strut  is  already  at  69,500  pounds  and  the  absorbing  element 
has  begun  to  stroke  if  a  liquid  spring  device  is  used .  If  a  cyclic  device 
is  used,  the  unit  is  only  11  percent  beneath  its  starting  force  level. 

The  other  truss  members  would  provide  some  stability  to  the  system 
and  enable  both  units  to  stroke  over  approximately  the  same  distance . 

This  would  cause  the  required  stroke  to  increase  from  a  nominal 
8.5  inches  to  10.3  inches,  which  is  possible  for  the  unit  discussed. 

3. 4. 1.6  CH  Summary 

The  original  concept  configuration  was  selected  to  show  with  easily 
defined  load  paths  several  means  of  absorbing  energy  while  satisfying 
the  crash  criteria.  Several  concepts  were  shown  with  only  a 
vertical  velocity  impact.  The  impact  energy  could  be  dissipated  by 
several  means,  and  each  could  be  implemented  by  available  techniques. 

The  addition  of  drag  and  side  forces  complicates  the  problem  if  the 
structural  load  paths  are  coupled  for  combined  loads .  It  is  always 
necessary  to  provide  structure  capable  of  carrying  forces  in  every 
direction.  Whether  these  structural  elements  can  be  decoupled 
during  loading  must  be  established  by  analysis  of  any  particular 
original  concept.  The  configuration  examined  in  the  previous  section 
could,  in  fact,  accomplish  this.  How  many  other  approaches  are  capable 
of  accomplishing  this  is  unknown.  A  torque  tube  could  be  used  to  carry 
that  drag  force  while  adding  little  vertical  stiffness,  or  beams  could  be  placed 
to  add  negligible  stiffness  in  particular  places  of  loading . 

If  the  concepts  cannot  provide  decoupling  because  of  other  practicalities, 
then  the  combined  loads  analysis  must  be  conducted  and  load  paths 
found  which  have  monotonically  increasing  forces  with  added  loads .  It 
is  interesting  that  members  are  designed  for  maximum  forces,  whereas 


69 


TABLE  IX. 

ELEMENT  LOADS  (LB) 

SELECTED  INPUTS 

Force*  V 

D 

S 

V  +  D 

V  +  D  +  S 

Element 

1  -65,000 

60,  500 

24, 700 

-4,  500 

+20,  200 

2  -65,000 

-60,  500 

24,  700 

-125,  500 

-100,  800 

3  79,  000 

27,  500 

13,  600 

106,  500 

120,  100 

4  79,000 

-27,  500 

13,  600 

51,  500 

65,  100 

5  0 

-192, 000 

-78,  000 

-192,  000 

-270,  000 

6  0 

192,  000 

-78,  000 

192,  000 

+  114,  000 

lloint 

7  56,  700 

147,  000 

-58,  000 

203,  700 

145,  700 

8  56,  700 

-147, 000 

-58,  000 

-90,  300 

-148,  300 

9  -56,700 

52, 500 

21,  400 

-4,  200 

17,  200 

10  -56,700 

-52, 500 

21, 400 

-109,  200 

-87,  800 

* V  -  Vertical  Force 

(lb) 

D  =  Drag  Force  (lb) 

S  =  Side  Force  (!b) 
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energy  absorbers  must  be  designed  to  actuate  under  the  minimum  load. 
When  the  forces  do  not  increase  as  desired ,  it  is  possible  that  the 
configuration  can  be  changer  to  modify  the  component  or  axial  forces  of 
the  members.  Elongating  .  i  span,  or  increasing  the  height  of  the 
attachment  points,  can  be  used  to  adjust  the  force  within  a  particular 
member  in  order  to  take  advantage  of  the  effects  of  combined  applied 
forces . 

The  CK  concepts  shown  indicate  that  the  force  levels  developed 
by  the  structure  and  absorbers  are  carried  by  available  techniques . 

The  forces,  energy,  and  stroke  lengths  required  are  satisfied 
without  exceeding  the  crash  criteria  established .  Commercially 
available  devices  are  applicable,  and  hence  it  is  reasonable  to  assume 
that  crashworthy  improvements  can  be  made .  The  analyses  have  been 
approximate,  since  a  true  dynamic  analysis  was  not  conducted.  But 
the  techniques  are  consistent  with  current  design  practice  and  indicate 
sufficient  flexibility  in  the  hardware  requirements  <.0  insure 
feasibility . 

3.4.2  Utility  (UH)  Class  Configuration 

The  UH  class  helicopter  has  a  weight  range  of  8,500  pounds  to 
11,0„0  pounds.2  The  analysis  will  be  restricted  to  a  skid-type  landing 
gear .  The  discussion  foHows  that  of  the  previous  section  in  that  energy 
relations  are  used  to  calculate  realistic  stroke  and  force  levels,  which 
are  then  used  to  determine  realistic  concepts . 

3. 4. 2.1  Baseline  Design  (Figure  18) 


The  initial  step  is  to  examine  the  response  of  a  skid  configuration  to 
determine  how  one  is  normally  designed .  In  this  mam  er  the  loads 
dictated  by  conventional  criteria  can  be  satisfied.  A  slid  is  assumed 
to  be  a  rigid  frame  that  relies  upon  the  bending  strength  of  the  cross¬ 
members  to  carry  the  static  weight  and  utilizes  the  strain  energy 
of  plastic  bending  to  absorb  impact  energy. 

Several  curves  are  available  indicating  the  force-deflectim  and  energy 
dissipated  by  a  skid  .  From  a  Bell  report  "Structural  Analysis  of^g 
UH-1F" ,  there  are  two  curves  for  large  and  small  diameter  tubes 
Schematics  of  the  curves  are  shown  below: 

Hear  tube 

7,000 
5  5,000 
*4.500 

o 
u 
o 
h 

5.0  8.0  15.0  5.0  8.6  16.0 

6  (in.)  6  (in.) 
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Approximate  analysis  indicates  that  the  efficiency  of  the  large  diameter 
tube  up  to  ultimate  is  74  percent  and  that  of  the  smaller  is  71  percent. 
The  energy  approximation  is  introduced  to  establish  a  design  relation: 


(17) 


From  the  same  report  it  was  possible  to  establish  that  at  the  design 
impact  condition  (9.8  feet  per  second) ,  3.26G  was  reached  with  a 
12.9-inch  stroke.  Therefore,  the  design  relation  for  the  skid  is 


V2  _  N(67.5)s 
2g  1.44 

indicating  that  over  the  design  force  range  (not  ultimate)  ,  a  lesser 
efficiency  is  required  to  make  acceleration  and  stroke  balance . 


(26) 


If  it  is  assumed  that  the  normal  design  condition  for  impact  is  12  feet 
per  second  and  3.5G,  16  inches  of  stroke  is  required.  Available  data 
indicate  that  the  skid  cross  members  are  usually  placed  to  carry  two- 
thirds  of  the  weight  on  the  rear  support.  For  the  11,000  pound  UH  weight, 
this  means  7,320  pounds  (mass)  to  be  stroked  over  16  inches.  The 
energy  dissipated  is  277,000  inch-pounds.  The  crash  condition  generates 
because  of  the  kinetic  energy: 

73?fi  ? 

Ut=  i(W<2512)  }  =  854*0C0  in-~lb  (27) 

The  energy  absorber  must  develop 

U  =  577.000  in. -lb 
ea 


U 

ea 


F  ns 
ea 


H  =  0.9 


(28) 


The  maximum  force  and  stroke  must  equal  642,000  inch- pounds.  If 
the  structure  is  to  feel  15G,  the  stroke  should  be  5.82  inches.  There¬ 
fore,  if  6  inches  is  provided,  the  resulting  acceleration  level  should 
be  14. 6G. 

A  balanced  loading  condition  would  create  a  force  of  12,800  pounds 
applied  to  one  skid  at  3 . 5G  .  By  referring  to  the  Bell  analyses  for  a 
similar  configuration,  the  maximum  aft  tube  bending  moment  calculated 
using  a  redundant  analysis  would  be  323,000  inch-pounds.  Aluminum 
tubing  with  a  D/t  ratio  of  10  has  a  bending  modulus  1 .35  times  greater 
than  the  ultimate  tensile  strength.  Aluminum  tubing  of  7075-T6  will, 


therefore,  provide  an  allowable  stress  of  110,000  psi.  The  stress  can 
be  satisfied  by  a  3-3/4-inch-OD,  3/8  inch  wall  thickness  tube.  Such  a 
tube  cantilevered  from- a  fuselage  will  deflect  0.9  inch  under  a  static 
weight.  This  implies  an  effective  stiffness  of  approximately  4,000 
pounds/inch,  which  is  about  double  that  of  the  6,600  pound  UH-1  con¬ 
figuration.  The  result  of  this  analysis  is  that  the  UH  weight  vehicle 
will  appear  as  shown  in  Figure  18.  Under  static  load  it  deflects  1  inch; 
15  inches  is  necessary  to  reach  the  normal  impact  level,  and  an 
additional  6  inches  is  provided  for  the  crash  criteria . 

3 . 4 . 2 . 2  Concepts  for  Attenuation  of  Vertical  Crash  Loads 

The  concepts  that  follow  show  the  skid  as  an  undeformed  member  at 
the  3.5G  impact  level.  This  is  not  completely  accurate  since  the 
attachment  point  at  the  frame  has  some  original  angle  with  respect  to 
the  horizontal.  Therefore,  as  the  beam  deflects  it  attempts  to  maintain 
that  angle  and  curves  along  its  length .  The  figures  assume  the 
curvature  to  be  negligible . 

3. 4. 2. 2.1  Concept  1  (Figure  19) 

The  first  concept  indicates  that  a  rigid  link  is  provided  to  cover  the  skid 
as  long  as  3 . 5G  or  greater  acceleration  is  developed .  At  levels  less 
than  3 . 5G  the  link  could  rest  against  its  supporting  structure ,  or  could 
be  designed  to  continue  to  cover  the  strut.  As  a  large  impact  develops, 
the  link  follows  the  strut  on  roller  surfaces  and  is  raised  about  its  pivot 
point .  Since  the  lower  corner  of  the  link  is  attached  to  an  absorber ,  the 
absorber  must  be  stroked  in  order  for  the  strut  to  be  raised .  A  tensile 
force  of  107,400  pounds  is  developed  over  3  inches.  Two  Series  12 
fluidic  shocks  in  parallel  could  approximate  these  requirements .  Cyclic 
strain  devices  require  greater  stroke,  and  crushable  tubes  are  again 
eliminated  because  of  the  high  force  levels  required . 

3. 4. 2. 2. 2  Concept  2  (Figure  20) 

The  second  concept  is  more  conventional  in  that  a  link,  or  links,  can  be 
added  to  stroke  as  the  strut  is  raised .  Figure  20  indicates  that  two 
link  locations  have  been  examined .  The  short  link  requires  forces  that 
restrict  its  usage .  The  longer  link  is  feasible  in  that  the  load- 
deformation  is  the  same  as  in  the  previous  concept.  The  links  would 
ride  in  slots  in  the  struts  in  order  to  permit  the  energy  absorber  link  to 
float  until  high  enough  deformations  are  reached . 

3. 4. 2. 2. 3  Concept  3  (Figure  21) 

The  third  concept  is  perhaps  the  most  direct  and  yet  the  easiest  to 
implement.  Another  strut  is  added  below  the  fuselage  at  the  fuselage 
mold  line.  The  strut  is  supported  by  energy  absorbers  that  stroke 
6  inches  and  must  collectively  develop  53,700  pounds.  Several  com¬ 
pression  tubes  in  parallel  could  provide  the  necessary  energy,  as  could 
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Pivoted  Rigid  Link 


19.  Rigid  Link  Concept. 


Figure  20.  Energy-Absorbing  Strut  Concept. 


the  cyclic  strain  or  liquid  spiing  device .  The  advantage  of  this  concept 
is  that  the  full  6  inches  of  stroke  is  available .  There  is  no  necessity 
for  levers ,  pivots  or  guides ,  and  the  forces  can  be  distributed  over 
greater  areas . 


3 . 4 . 2 . 2 . 4  Concer 


(Figure  22) 


Another  concept  is  to  provide  a  lever  and  pivot  arrangement  that  can  be 
activated  when  the  strut  exceeds  the  3 . 5G  level .  The  lever  is  attached 
to  an  energy  absorber  on  both  sides ,  and  a  stroke  of  1 . 5  inches  acts  on 
as  many  devices  as  necessary  to  develop  the  214,800  pounds  required. 
The  small  stroke  and  large  force  make  this  concept  less  desirable. 

3. 4. 2. 2. 5  Concept  5  (Figure  23) 

The  last  concept  is  another  straightforward  approach  in  that  support 
structure  is  added  about  the  skid  to  react  the  energy-absorber  forces . 
This  again  appears  to  be  undesirable  because  of  the  high  forces  that 
will  be  developed  unless  the  structure  extends  well  out  over  the  strut . 


3. 4. 2. 3 


Loading  Condition  Effects  on  Design 


An  interesting  aspect  of  the  skid-type  analysis  is  the  examination  of  the 
effects  of  upward ,  aftward ,  and  sideward  loads  when  applied  at  either 
end  of  the  gear  or  when  loaded  purely  in  a  vertical  direction .  All  data 
available  on  skids  assume  that  the  inertial  force  acts  through  the  center 
of  gravity  and  is  balanced  by  reactions  at  the  struts .  The  question  of  end 
loading  effects  is  not  answered ,  and  yet  it  is  realized  that  the  load 
distribution  throughout  a  redundant  frame  is  influenced  by  the  location  of 
the  applied  force .  The  distribution  must  be  found  if  deformations  of  the 
skid  are  to  be  properly  evaluated .  Previous  concepts  indicated  that 
the  force  distribution  was  known  .  The  rear  strut  carried  two-thirds  of 
the  weight,  and  the  forward  the  remainder.  This  is  not  necessarily 
true .  If  the  rear  strut  were  very  stiff  and  the  skids  had  significant 
bending  strength,  it  would  be  possible  to  cut  out  the  forward  struts 
and  the  vehicle  would  not  topple  over .  Relative  stiffness  determines 
where  the  applied  force  is  carried . 


A  skid  configuration  is  shown  on  page  81. 
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The  struts  are  attached  to  the  fuselage  and  may  be  capable  of  reacting 
forces  and  moments  in  all  planes .  In  order  to  solve  this  system  and 
calculate  the  reactions  for  given  applied  loads ,  it  is  necessary  to  use 
energy  methods,  that  is,  to  reduce  the  redundant  system  to  a  determin¬ 
ate  system  and  then  evaluate  the  effects  of  the  redundants .  A  determin¬ 
ate  system  for  the  skid  configuration  above  is 
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where: 

A,  G,  and  H  are  the  original  axial, 
vertical  and  lateral  forces  respec¬ 
tively. 


A  ,  M  ,  H  ,  and  R  are  the  axial 
n  n  n  n 

force,  bending  moment,  horizontal 

force,  and  vertical  force  developed 

at  the  fuselage  attachment  point  n . 


For  any  given  applied  load ,  the  reaction  shown  can  be  calculated  by 
statics .  There  are  enough  independent  equations  available  to  solve 
for  all  reactions .  If  we  assume  that  additional  reactions  exist 
(redundancies) ,  these  are  accounted  for  by  calculating  the  deformations 
that  exist  with  the  static  and  redundant  forces  and  equating  them  to  0 , 
a  continuous  structure .  This  is  done  numerically  by  equations  of  the 
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form 


where 


6  qQ+Q6  qj+Hjfi  q2+R6  q3+H46  q4=0 
Kn  _  r  M  mdx  , 

6V  U'F  +/  JG 


6  q^  are  influence  coefficients 

and  Q,Hj ,  R,  and  are  reactions  measured  at  the  fuselage. 

Each  coefficient  is  influenced  by  the  length  of  each  element,  the 
moments  applied,  MQ,m,  and  the  stiffnesses  I  and  J.  Therefore, 

it  is  very  difficult  to  establish  with  one  particular  configuration  what  the 
moment  distribution  will  be  if  an  element  is  longer,  or  of  greater  bend¬ 
ing  stiffness,  with  different  torsional  stiffness  which  does  not  vary 
linearily  with  either  bending  stiffness  or  cross-sectional  area.  A  sample 
configuration  was  chosen  in  order  to  obtain  results  that  would  be 
meaningful  to  a  UH weight  vehicle.  Specifically,  the  UH-1F  con¬ 
figuration  was  approximated  in  order  to  study  load  application  variation . 
The  configuration  is  shown  in  Figure  24.  The  lengths,  areas,  and 
inertial  characteristics  are  approximately  those  used  in  the  original 
Bell  Hardy-Cross  analysis  for  the  skid .  The  next  step  is  to  select  a 
realistic  and  practical  determinate  structure .  Each  redundancy  adds 
another  equation  and  another  term  in  each  equation .  The  redundancies 
selected  are  shown  below: 


"\ 


where 


V/  is  the  vertical  reaction 
Mf  is  the  moment  reaction 
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The  first  analysis  is  for  a  forward  tip  load  of  1 , 000  pounds  vertically 
The  determinate  structure  is  shown  in  Figure  25,  and  the  redundancit 
are  shown  in  Figure  26 .  The  influence  coefficients  are  found  by  se 
graphic  integration  to  be 

61^0  =  1,886 

6 HjH^  2,733  x  10" 

6H1M1=0.147  x  10': 

6M1M1=-1,333  x  10 


6M1o=-0.126 

(35) 

The  system 

dHjO  +HI6HlH1  +  MjfiHjMj  =  0 

(36) 

6Ml0  +HI6H1M1  +  =  0 

(37) 

yields 


Mj  =  4500  in. -lb  and  H1  =  -450  lb 

Since  the  redundant  moment  and  applied  moment  must  be  balanced  by  the 
forward  strut,  34,500  inch-pounds  of  bending  moment  is  developed.  The 
resisting  moment  is  greater  than  the  applied .  If  the  two-third/one-third 
ratio  had  been  used,  the  moment  would  have  been  10,000  inch-pounds. 
Equally  as  surprising  is  the  fact  that  the  moment  at  the  rear  strut  is  in 
the  same  direction  as  the  applied  moment.  This  can  be  interpreted  by 
realizing  that  as  the  frame  is  loaded ,  the  rear  strut  is  pulled  downward 
from  the  fuselage.  In  order  to  resist  this  a  vertical  force  (428  pounds) 
is  required  which  causes  a  positive  bending  moment  at  the  attachment. 
Since  the  joint  is  assumed  fixed ,  a  moment  is  necessary  to  return  the 
strut  to  its  original  attitude . 

Similar  calculations  were  made  for  loads  applied  at  the  forward  strut, 
midspan,  rear  strut,  and  rear  tip  of  the  skid.  The  results  are  plotted 
in  Figure  27.  The  figure  provides  the  magnitude  of  the  bending  moments 
developed  at  each  fuselage  intersection  as  a  function  of  the  location  of  an 
applied  force  of  1000  pounds .  Since  both  moments  are  the  only  means  of 
balancing  the  applied  body  the  sum  of  both  must  equal  the  applied  30,000 
inch-pounds  at  any  location .  The  plot  indicates  bending  moment  in  the 
struts  as  a  function  of  applied  force  location ,  not  bending  moment  in  skid . 
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Location  oi  Applied  Force  of  1,000  Pounds. 

The  plot  indicates  that  the  forward  strut  bending  moment  nearly  re¬ 
verses  in  going  from  forward  loading  to  aft  loading .  When  the  load  is 
applied  beneath  the  rear  strut,  nearly  all  bending  is  taken  out  in  that 
strut.  It  is  only  at  a  point  aft  of  midspan  that  the  two  third/one  third 
load  distribution  is  correct .  The  dashed  line  is  indicative  of  a  more 
realistic  curve  that  would  exist  under  crash  conditions . 


As  the  vehicle  impacts  at  a  particular  attitude ,  the  load  may  act  at  a 
tip .  However,  as  the  tip  deforms  and  *he  skid  settles  into  the  ground, 
the  applied  forces  approach  a  more  uniform  distribution  across  the  skid 
and  would  create  a  more  nearly  constant  moment  distribution  between 
the  supports . 


Another  configuration  was  examined  to  determine  the  effects  of  assuming 
different  restraint  conditions .  The  configuration  is  shown  in 
Figure  28  with  the  statically  determinate  reactions.  It  is  assumed  that 
the  vehicle  does  not  have  sufficient  bending  stiffness  at  the  fuselage 
landing  gear  junction  to  act  as  a  rigid  joint.  Instead,  the  tube  continues 
across  the  fuselage,  and  vertical  and  horizontal  reactions  are  permitted  at 
the  frame -longeron  junction .  The  side  forces  are  assumed  to  be 
balanced  by  shear  forces  acting  along  the  struts . 


The  same  analysis  procedure  is  used .  The  redundancies ,  one  vertical 
and  two  horizontal  forces  on  the  rear  tube  with  a  shear  flow  across  the 
tube,  are  determined  by  evaluating  the  influence  coefficients  and  calcu- 
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lating  the  solutions  of  a  5  x  5  matrix .  The  results  are  shown  in  Figure 
29.  The  bending  moments  at  the  fuselage  are  46,500  and  -12,700  inch- 
pounds  .  Therefore ,  it  appears  that  the  moment  distribution  is  charac¬ 
terized  more  by  the  frame  and  the  point  of  load  application  than  by  the 
redundancies  assumed .  This  implies  that  for  the  utility  configuration 
being  examined ,  the  pattern  of  moment  versus  loading  point  should  be 
the  same  regardless  of  how  the  skid  is  attached  to  the  fuselage .  Since 
the  reactions  of  the  latter  configuration  reflect  pinned  connections  at 
the  fuselage,  it  is  reasonable  to  assume  that  these  represent  maximum 
values. 

The  results  of  the  analysis  indicate  that  as  the  vertically  applied  force 
shifts  from  forward  to  aft  tip ,  the  bending  moment  shifts  according  to  a 
particular  pattern  and  the  bending  moments  by  a  particular  strut  can  be 
3-1/2  to  4  times  greater  than  those  assumed  for  a  pure  vertical  loading 
condition . 

This  can  have  direct  application  to  the  problem  of  selecting  the  proper 
energy  absorber  when  it  is  realized  that  the  forces  and  moments  intro¬ 
duced  into  a  strut  must  be  carried  by  both  the  strut  and  the  energy 
absorber  and  must  function  properly  at  particular  levels .  The  problem 
is  further  complicated  in  that  it  is  difficult  to  determine  how  great  the 
moment  distribution  effect  will  be.  As  the  vehicle  impacts,  the  strut 
and  skid  deform  elastically  up  until  plasticity  effects  become  larger .  At 
the  same  time ,  the  vehicle  rotates  and  approaches  a  uniform  loading 
condition  across  the  skid .  When  do  plasticity  effects  occur?  How  long 
does  it  take  for  the  uniform  distribution  to  be  satisfied?  A  helicopter 
impacting  on  skids  acts  as  a  rigid  body  falling  on  nonlinear  springs 
(plasticity) ,  where  the  nonlinearity  is  a  function  of  the  point  of  load 
application . 

Additional  load  distribution  data  were  collected  for  other  loads .  The 
drag  load  is  calculated  assuming  that  the  skid  is  relatively  inextensible 
along  its  axis .  The  loads  carried  by  the  struts  are  not  changed  as  the 
drag  is  applied  at  the  tip  or  along  the  bottom  of  the  skid .  The  drag 
contributions  are  shown  in  Figure  30 .  The  interesting  aspect  is  that 
the  drag  does  not  appreciably  change  the  bending  moment  in  the  vertical 
plane  (1,430  inch-pounds)  .  This  would  indicate  that  for  the  skid-type 
landing  gear,  the  vertical  energy  absorption  may  be  relatively  indepen¬ 
dent  of  the  applied  drag  and  it  is  only  necessary  that  the  strut  be  capable 
of  carrying  drag  bending  moments .  The  skid  would  react  the  drag  by 
deformation,  and  the  energy  absorbers  would  stroke  vertically  as 
required . 

The  other  skid  configuration  was  examined  for  both  drag  and  side  force 
effects.  The  same  energy  procedures  were  used  assuming  vertical  and 
horizontal  reactions  at  strut-longeron  intersections .  The  results  are 
shown  in  Figure  31 .  Note  that  the  drag  forces  are  assumed  to  be  one- 
half  the  value  of  the  vertical  (500  pounds) .  All  values  are  summed,  the 
difference  is  found  between  vertical  only  and  the  summation,  and  the  percent 
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difference  is  calculated .  The  table  indicates  that  the  vertical 
reactions  are  influenced  mostly  by  the  axial  or  drag  force  and  little  by 
the  side  force.  The  horizontal  reactions  are  dictated  by  all  three  forces, 
as  are  the  shear  forces . 


The  moments  and  forces  calculated  are  all  based  upon  the  configuration 
shown.  Lengths  of  segments,  torsional  stiffness,  bending  stiffness,  and 
end  fixity  all  contribute  to  the  values  calculated .  If  it  is  assumed 
that  the  configurations  shown  are  indicative  of  skid-type  landing  gear , 
then  the  following  statements  can  be  made: 


The  skid  deformation  useable  for  energy  absorption  will  be 
primarily  dictated  by  the  vertical  reactions  and  moments  at 
the  fuselage-strut  junction . 


2. 


The  force  and  moments  at  junction  can  be  altered  by  a  factor 
of  3  to  4,  and  even  the  direction  can  be  re  /ersed  as  the 
aoplied  vertical  force  is  shifted  fore  and  aft  along  the  skid. 


3. 


The  drag  and  side  forces  do  not  contribute  significant  reactions 
in  comparison  with  the  effects  of  tip  loading  conditions . 


There  are  many  possible  ideas  that  could  be  pursued,  but  it  is 
difficult  to  calculate  how  plastically  deforming ,  variable  load  path 
structures  will  respond .  Consequently ,  a  pure  vertical  drop  attitude 
will  be  used  for  the  following  concepts .  This  can  be  justified  in  that 
since  the  skid  does  plastically  yield  over  a  large  stroke,  as  shown  in 
Section  3 . 4 . 2 . 1 ,  the  skid  will  deform  and  permit  the  location  of  the 
applied  force  to  shift  toward  a  more  balanced  position  .  Therefore,  for 
reasonable  attitude  angles,  +  10°,  where  the  attitude  can  be  reduced  by 
vehicle  rotation ,  and  the  skid  deforms  plastically  without  strut  failure  or 
fuselage  impact,  the  vertical  attitude  will  be  a  reasonable  assumption. 


3 . 4 . 2 . 4  Plasticity  Effects  and  Skid  Stiffness 


Previous  sections  have  made  reference  to  plasticity  effects  and  the  use  of 
a  computer  program  .  If  a  program  were  available  to  calculate  input 
responses,  it  would  have  to  accept  stiffness  values  as  representations  of 
the  landing  gear  These  must  provide  a  correct  measure  of  the  force- 
displacement  relation  over  the  entire  range  of  displacement  up  to  failure, 
i.c . ,  include  plasticity  effects.  This  will  provide  additional  energy  which 
has  not  been  included  in  the  previous  analysis .  The  assumption  was  conservative 
in  that  less  energy  in  the  energy  absorber  is  required.  From  £_ction  3. 4. 2. 3, 
the  moment  distribution  of  a  skid  for  various  loads  is  known.  The  stiffness 
is  calculated  by  evaluating  the  deformation  due  to  unit  loads  applied  in  the 
direction  of  the  applied  force .  Figure  32  shows  the  applied  force  and 
resulting  moments  for  a  forward  loaded  tip .  A  unit  load  is  applied  and  the 
equation 
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evaluated.  The  displacement  is  2.598  inches  for  1,000  pounds  or  a 
stiffness  of  385  pounds  per  inch  in  the  elastic  range .  The  plastic  values 
are  calculated  using  the  techniques  of  Chernofi  .  The  techniques  rely 
on  the  assumption  that  the  plane  surfaces  remain  planar  during  u  formation 
although  the  stress  levels  depend  upon  the  failure  characteristics  of  the 
material.  The  solution  is  implemented  by  evaluating  a  factor  8,  which 
would  exist  if  all  fibers  extended  elastically .  The  equation  is 


e i  e  (sin e  )  (cose  )  ex 

8  =  <(1-r>  —  tt/2 — z>  1 


(39) 


and  is  derived  for  a  tube  of  D/t  >  10 
£ 

1  =  slope  of  the  stress-strain  curve  in  the  plastic  region 

E  =  Young's  modulus 

SIN  0  =E  /E 

y  y  a 

E  =  strain  at  yield  stress 

y 

E  =  strain  at  outer  fiber 

a 

38  — 

Bell  tube  data  were  used  to  gain  realistic  values .  The  values  of  strain 

used  were  E  =  0.0072  and  E  =  0.054  corresponding  to  a  yield  stress 
72,000  psi  aifd  an  ultimate  of^BO.OOO  psi.  Therefore,  8  =  0.184,  which 
means  the  ratio  of  elastic  to  plastic  bending  moment  at  failure  is  approxi¬ 
mately  5 .  A  tube  bent  by  an  applied  force  and  strained  to  its  ultimate 
will  carry  1/5  of  the  moment  that  would  be  necessary  to  elastically  deform 
the  tube  to  the  same  displacement.  Beyond  the  yield  stress,  the  tube 
carries  very  little  additional  moment  but  does  deform  appreciably . 

The  plastic  deformation  curve  is  calculated  by  equating  the  internal  strain 
energy  due  to  bending  with  the  externally  applied  work .  The  internal 
strain  energy  is  calculated  by  determining  the  integral  of  the  moment  and 
angular  displacement  of  the  tip  .  The  work  is  the  product  of  applied  force 
and  deformation . 

The  angular  motion  at  the  tip  is  calculated  by  applying  a  unit  couple  to  the 
tip  and  calculating  the  angle  due  to  the  equivalent  elastic  moment  at 
failure  just  found.  The  tube  data  used  assumed  an  ultimate  stress  of 
80,000  psi.  For  the  strut,  this  implies  an  applied  bending  moment  of 
61,500  inch-pounds.  The  strain  at  ultimate  is  the  equivalent  of  5  times 
the  elastic  strain  at  ultimate,  or  307,500  inch-pounds.  Figure  32 
shows  that  an  applied  tip  force  of  8,910  pounds  is  required.  The  rotation 
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calculated  is  0  dian .  A  figure  depicting  these  results  is  shown 

below: 


55.300 
in .  -lb 


307.500  in. -lb 

(Equivale  nt  Elastic  Moment 

to  Produce  Angular  Deformation) 


(FAILURE) 
(61,500  in. -lb) 


-Yield 


6  (Radians) 


The  strain  energy  of  bending  to  ultimate  is  40,360  inch-pounds. 

The  work  generated  is  the  product  of  the  force  through  an  unknown  dis¬ 
placement  The  elastic  portion  of  the  energy  is  3 , 820  inch-pounds . 

The  force  at  yield  is  1,610  pounds,  and  hence  the  displacement  is 
4.75  inches.  The  plastic  regime  requires  the  dissipation  of  36,540  inch- 
pounds  of  energy  at  force  up  to  the  ultimate  of  2,220  pounds. 


Therefore,  the  plastic  stroke  required  is  19  inches.  This  is  depicted  below: 


2220 


1610 


23.  75 


6  (in. ) 


The  stiffness  in  the  elastic  range  is  340  pounds  per  inch,  compared  to 
385  for  the  initial  analysis,  and  the  plastic  stiffness  is  32  pounds  *  ®r  inch. 

The  strut  will  stroke  vertically  23.75  inches  without  failure  and  carry 
2,220  pounds  if  the  force  is  applied  at  the  tip .  The  stiffness  of  the  above 
figure  is  used  in  the  computer  program  and  it  is  now  known  that  for  the 
strokes  previously  discussed ,  the  strut  will  be  a  continuous  member 
throughout  the  energy-absorber  stroke .  The  stiffness  as  the  load  is 
applied  at  the  other  point  is  different,  since  the  moment  distribution  is 
different.  Therefore,  in  order  to  obtain  the  correct  stiffnesses  over 
the  range  of  attitudes  possible,  the  present  procedure  should  be  used 
for  both  tips  and  midspan  for  vertical  and  side  loads .  The  drag  load  is 
not  influenced  by  the  point  of  load  appb cation . 

3.4  3  Light  Observation  Helicopter  Class  Concepts 

The  LOH  class  is  defined  as  having  a  weight  range  of  2100  to  2700  pounds. 

For  the  2700  pounds,  assuming  a  12  feet  per  second  and  3.5G,  the 
stroke  required  is  16  inches,  the  rear  strut  dissipates  68,000  inch- 
pounds,  and  the  total  energy  at  impact  is  210,000  inch-pounds .  If  an  efficient 
absorber  is  used,  i.e.  n=0.9,  the  product  of  peak  force  and  stroke  must 
be  157,000  inch-pounds.  A  15G  deceleration  would  be  developed  if  the 
stroke  were  5.8  inches.  Therefore,  an  assumed  6 -inch  stroke  is 
provided  and  the  configuration  must  have  22  inches  of  unloaded 
clearance  from  fuselage  to  ground . 

A  balanced  condition  will  create  a  force  of  3,150  pounds  applied  to  one 
skid  at  3 . 5G  .  From  the  helicopter  configuration  data  it  is  assumed  that 
a  fuselage  width  of  4-1/2  feet  is  representative,  and  that  the  landing  gear 
will  span  7  feet.  Eased  upon  the  previous  redundant  analysis,  it  is 
assumed  that  it  would  be  necessary  to  design  for  a  bending  moment  2 . 8 
times  a  static  weight  distribution  value.  Therefore,  a  design  value  of 
(3.50  x  16  x  2.8)  141,000  inch-pounds  is  required.  The  tube  required 
for  7075-T6  material  is  a  2—3/ 4-inch  OD,  3/ 16-inch  wall  thickness. 

The  static  deflection  is  less  than  1  inch .  The  resulting  configuration  is 
shown  in  Figure  33 . 

A  typical  concept  is  shown  in  Figure  34  to  indicate  the  applicability  of 
previous  concepts .  The  compressible  strut  is  shown  positioned  to 
provide  a  magnification  ratio  similar  to  that  previously  used .  The  force 
in  the  strut  is  significantly  lower  than  in  the  UH  configuration,  and  yet 
the  displacements  are  comparable.  The  net  effect  is  that  the  concepts 
are  more  compatible  with  available  hardware .  Any  skid  concept  that 
has  been  previously  shown  is  more  readily  accomplished  with  the 
LOH  requirement.  Therefore,  all  UH  concepts  automatically  satisfy 
the  LOH  requirement. 

The  one  feature  of  the  LOH  class  that  makes  it  more  easily  adapted  to 
energy -absorbing  devices  is  that  compression  tabes  of  tested  capability 
are  within  the  range  of  force-displacement  levels  required .  This  is 
particularly  true  if  the  additional  skid  along  the  bottom  of  the  fuselage  is 
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added . 

3.4.4  Concept  Development  Summary 

It  appears  that  for  the  heavier  weight  vehicles ,  it  is  more  advantageous 
to  use  commercially  available  types  of  energy  absorbers  with  proven 
capability .  The  force  levels  are  too  great  for  tube  or  other  metal 
deformation  absorbers ,  but  not  incompatible  with  ene^y-absorbing 
struts  incorporating  precrushed  honeycomb  material'2  .  The  lightest 
vehicles  can  utilize  either  type  of  device ,  and  consequently  it  appears 
that  a  particular  concept  will  have  the  most  economical  device  since 
their  weights  are  comparable .  If  a  cyclic  strain  device  or  liquid  spring 
device  is  available  with  adequate  force  and  stroke,  it  will  probably  be 
cheaper  than  the  design  and  qualification  of  any  tube-type  device  or 
honeycomb  strut. 

3.5  COMPUTER  PROGRAM  DEVELOPMENT 

The  development  of  design  criteria  and  new  concepts  for  an  energy¬ 
absorbing  landing  gear  system  can  be  aided  considerably  by  an  analytical 
description  or  model  of  the  total  system-fuselage,  struts,  wheels  or 
skids,  and  energy  absorbers.  The  analytical  model  can  then  be  used  to 
better  understand  the  important  parameters  of  a  landing  gear  system  that 
dissipates  energy  in  a  crash  environment .  One  method  of  analytically 
describing  a  landing  gear  system  is  to  construct  a  lumped  parameter 
model  representative  of  the  landing  gear  and  derive  the  differential 
equations  of  motion  from  this  model . 

The  analytical  model  selected  for  this  program  is  shown  in  Figure  35 
and  consists  of  a  rigid  mass  in  the  shape  of  a  parallelepiped  supported 
at  each  of  the  lower  four  corners  by  elements  which  represent  the  land¬ 
ing  gear  and  energy  absorbers .  The  configuration  of  the  elements  at 
each  of  the  corners  reflects  three-dimensional  motion  by  allowing 
motion  in  three  translational  coordinates  and  three  rotational  coordinates , 
resulting  in  a  six-degree-of-freedom  model  that  requires  six  coupled 
differential  equations  to  describe  the  motion . 

The  program  to  be  discussed  was  originally  to  be  developed  prior  to 
designing  a  finalized  concept.  However,  the  routine  was  not  completely 
defined  and  debugged  soon  enough  to  permit  its  usage .  The  program  is 
presented  to  indicate  the  theory  and  its  application  in  terms  of  a  coded , 
operable  program . 

The  analytical  description  of  the  helicopter  landing  gear  system- 
fuselage,  struts,  wheels,  and  energy  absorbers,  shown  in  Figure  35, 
is  a  three-dimensional  model  having  6  degrees  of  freedom:  3  transla¬ 
tional  and  3  rotational .  The  elements  at  each  corner  represent  the  stiff¬ 
ness  and  damping  characteristics  in  three  directions  of  a  landing  gear 
component  and  are  considered  to  be  rigidly  connected  to  a  common  point 
corresponding  to  a  touchdown  point  of  the  landing  gear  system .  Tne 
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initial  placement  of  the  elements  is  such  that  they  are  aligned  with  a 
rectangular  coordinate  system  which  describes  a  component  of  the 
landing  gear 

For  the  model  shown,  there  are  5  coordinate  systems:  1  for  the  rigid 
body  and  1  for  each  of  the  4  components .  The  orientation  of  these 
coordinate  systems  with  respect  to  each  other  is  assumed  fixed  pro¬ 
vided  impact  or  contact  with  the  ground  has  not  occurred . 

Impact  with  the  ground  is  indicated  when  the  origin  of  the  component 
axis  reaches  some  predetermined  value .  This  requires  a  sixth 
coordinate  system  which  is  defined  as  the  earth  axis  system ,  and 
impact  occurs  when  the  vertical  dimensions  of  the  component 
coordinate  system  become  0 .  At  this  time  the  component  axis  becomes 
"quasi-fixed"  with  respect  to  the  earth  axis  while  the  body  axis  is  free 
to  translate  and  rotate  depending  on  its  initial  velocities  and  the  forces 
generated  by  the  landing  gear  component  elements .  The  "quasi-fixed" 
status  of  the  component  system  implies  that  the  axis  will  remain  fixed  for 
most  conditions  but  could  translate  in  the  plane  of  the  earth's  surface. 

The  condition  which  dictates  motion  of  the  component  axis  is  an  imbalance 
between  the  lateral  forces  applied  to  the  rigid  body  and  the  forces  due  to 
friction  between  the  landing  gear  component  and  the  earth.  Analytically, 
this  frictional  force  can  be  determined  by  multiplying  the  force  generated 
in  the  vertical  element  of  the  landing  gear  representation  by  a  coefficient 
of  friction . 


The  relation  between  the  body  axis  coordinate  system  and  the  compoi  ent 
axis  coordinate  system  is  shown  graphically  in  Figure  36 .  At  initial 
contact  with  the  earth ,  the  origin  of  the  body  axis  system  is  at  point  A , 
the  component  coordinate  system  origin  is  at  point  B ,  and  point  1  repre¬ 
sents  the  attachment  point  of  the  landing  gear .  Sometime  after  the  initial 
contact,  relative  motion  between  the  body  and  the  landing  gear  component 
will  have  occurred,  causing  point  A  to  move  to  point  A'  and  point  1  to 
move  to  point  1' .  The  movement  of  point  1  to  1'  can  be  defined  in  the 
component  axis  system  by  the  vector  6  which  will  be  a  function  of  the 
translational  and  rotational  motion  of  the  rigid  body.  Using  this  vector 
and  its  time  derivative,  a  force  acting  on  the  rigid  body  at  that  point 
can  be  calculated .  This  force  will  be  a  vector  quantity  expressed  in  the 
component  coordinate  system  and  must  be  transformed  back  into  the 
body  coordinate  system  to  derive  the  motion  equations .  When  this  is 
done ,  the  equati  >ns  of  motion  expressed  in  body  coordinates  become 


Mxr=Fll+F4l"F2l"F31 
M^r=F12+F22‘  F32_F42 
Mzr=F13+F23+F33+F43 

JpF'Y3F33+Y4F43_YlF13_Y2F23+ZlF12+Z2t22'Z3F32"Z4F42 


(40) 

(41) 

(42) 

(43) 
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(45) 

where 

M  =mass  of  rigid  axis 

J  ■=inertia  about  X  axis 

p 

J  =inertia  about  Y  axis 

q 

J  =inertia  about  Z  axis 
r 

Xr  =rigid  body  X  coordinate 
Yr  =  rigid  body  Y  coordinate 
Zr  =rigid  body  Z  coordinate 
P  ^angular  velocity  about  X  axis 
Q  -angular  velocity  about  Y  axis 
R  =angular  velocity  about  Z  axis 
Xj  =X  dimension  to  jth  connection  point 

Y.  =Y  dimension  to  jth  connection  point 
J 

Z.  =Z  dimension  to  jth  connection  point 
J 

Rj  =F  force  in  the  jth  element  at  ith  connection  point 

The  above  equations  have  utilized  notational  simplifications  that  mask 

the  subtle  complexities  involved  in  expressing  the  motion  of  a  rigid  body 

in  three  dimensions .  The  forces  in  each  of  the  equations  are  functions 

of  six  body  coordinates  X  ,Y  ,Z  ,P,Q  and  R  which  all 

r  r  r 

depend  on  the  relative  motion  of  the  rigid  body  and  che  landing  gear 
components .  This  motion  is  best  described  by  a  vector  and  is  ex¬ 
pressed  in  the  component  coordinate  system  to  determine  the  forces 
in  each  of  the  elements  of  a  particular  landing  gear  component ,  The 
forces  in  each  of  the  elements  can  be  combined  into  a  resultant  force 
vector  acting  at  the  attachment  point  of  the  component.  Since  this  force 
vector  is  expressed  on  component  axis  coordinates ,  it  has  to  be 
transformed  into  the  body  axis  system  to  express  the  motion  equations  in 
terms  of  rigid  body  coordinates . 

To  transform  one  coordinate  system  into  another  requires  that  several 
specific  angular  rotations  be  performed .  A  standard  method  for  describ- 
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ing  a  rotational  transformation  is  to  use  a  rotation  matrix  (X) 
containing  the  three  independent  Eulerian  angles  ¥  ,0,<J>  , 

Using  this  method  to  transform  the  component  axis  system  into  the  body 
coordinate  system  requires  an  additional  transformation  to  relate  roll, 
pitch,  and  yaw  (P,Q,  and  R)  velocities  to  the  Euler  angles,  since  they  do 
not  correspond  directly . 

By  insuring  that  the  coordinate  transformations  are  handled  in  the  correct 
manner,  the  forces  generated  in  the  component  coordinate  system  can  be 
transformed  into  the  body  axis  system  when  they  are  used  to  find  the 
motion  of  the  rigid  body . 

The  equations  of  motion  for  the  rigid  body  and  the  coordinate  transfor¬ 
mation  equations  were  programmed  for  solution  using  MIMIC  ,  which 
is  a  FORTRAN  program  designed  to  solve  sets  of  ordinary  differential 
equations.  A  complete  listing  of  the  program  is  given  in  Appendix 
III .  The  initial  section  of  the  program  reads  in  system  constants  and 
parameters;  these  are  lines  7  through  27.  The  constants  are  basically 
dimensions  and  inertial  characteristics  of  the  fuselage  and 
landing  gear .  The  parameters  are  the  initial  conditions  for  the  various 
velocities,  displacements,  stiffness  coefficients,  and  damping  co¬ 
efficients  .  The  values  can  be  easily  changed  between  successive  runs  of 
the  program  so  that  the  influence  of  any  set  of  parameters  can  be 
determined.  The  next  section  of  the  program,  lines  28  through  50, 
determines  the  landing  configuration .  By  sensing  the  vertical  location 
of  a  landing  gear  component,  the  program  can  determine  whether  or  not 
that  particular  component  is  in  contact  with  the  ground  and  make  the 
proper  correction  in  the  motion  equations .  In  this  fashion  the  program 
can  handle  initial  impact  orientations  and  rebound  situations . 

Next  in  the  program  listing,  lines  52  through  137,  are  the  equations  of 
motion  for  the  rigid  body  in  the  body  axis  system .  These  are  the 
differential  equations  for  the  three  linear  coordinates  (X,Y,Z)  and 
three  rotational  coordinates  (P,Q,R)  .  Also  included  in  this  section  of 
the  program  are  the  motion  equations  for  each  of  the  four  landing  gear 
attachment  points .  Following  these  equations  come  the  rotation  angle 
equations  which  transform  the  body  axis  angular  velocities  P,Q,  R  into 
the  Euler  angle  rotations  4' ,  q,$.  The  next  two  groups  of  equations, 
lines  163  through  193,  are  simply  the  velocities  and  displacements  of  the 
landing  gear  attachment  points  transformed  from  the  body  axis  coordinate 
system  to  the  component  a^is  system  using  the  Euler  angles.  The  displace¬ 
ments  are  used  in  the  succeeding  section  to  determine  the  magnitude  of  the 
displacement  vector.  The  following  group  of  equations  calculate  the  dis¬ 
placements  and  velocities  of  the  landing  gear  attachment  points  in  the 
component  coordinate  system . 

The  attachment  point  velocities  and  displacements  are  then  used  to  de¬ 
termine  the  force  in  each  element  of  the  landing  gear  components. 

Following  the  force  equations  are  the  equations  for  the  elements  of  the 
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transformation  matrix  which  transform  the  landing  gear  element  forces 
from  the  component  axis  to  the  body  axis  coordinate  system  (lines  292 
through  345) .  This  completes  the  equations  necessary  to  determine  the  motion 
of  the  analytical  model .  The  remaining  statements  in  the  program  listing 
are  output  statements  which  dictate  the  parameters  to  be  printed . 

After  programming  the  equations  of  motion  for  the  analytical  model  and 
debugging,  a  series  of  test  cases  was  run  to  verify  that  the  computer 
selections  were  correct.  A  shortage  of  contract  resources  (time  and  money) 
prevented  a  thorough  checkout  of  the  program;  however,  test  cases 
simulating  vertical  impacts  were  run ,  and  the  responses  were  those 
anticipated .  One  test  case  was  a  vertical  drop  with  equal  stiffness  and 
damping  at  each  of  the  four  landing  gear  attachment  points .  Theoretically, 
this  case  should  reduce  to  a  single-degree-cf-freedom  spring  mass 
damper  system .  The  response  of  the  model's  vertical  displacement  is  shown 
in  Figure  37  which  agrees  with  the  anticipated  results .  A  second  test  case 
was  run  with  unequal  stiffness  of  the  fore  and  aft  landing  gear  components 
and  reduced  damping .  This  case  responds  as  a  two-degree-of-freedom 
system  with  one  linear  displacement  and  one  rotational  displacement. 

In  Figure  38  the  vertical  time  response  of  the  landing  gear  attachment 
points  and  the  angular  displacement  of  the  rigid  body  about  the  center  of 
gravity  are  plotted .  These  results  are  in  reasonable  agreement  with  the 
expected  responses  of  a  <wo-degree-of-ireedom  system .  Additional 
test  cases  involving  higher  degrees  -  freedom  were  not  run  due  to  the 
complexity  of  the  checkout  procedure  and  tl  e  shortage  of  time. 

During  the  checkout  of  the  program ,  some  inherent  difficulties  in  using 
the  program  were  noticed .  One  difficulty  is  that  displacements  may 
extend  beyond  their  physical  limit  due  to  unrealistic  or  wrong  input  data . 

A  high  input  velocity  and  mass,  together  with  weak  springs,  combine  to 
give  the  rigid  body  large  displacements  which  are  meaningless .  There 
is  nothing  in  the  program  to  detect  this  situation ,  so  realistic  input 
data  are  required  to  prevent  it.  Another  small  problem  with  the  program 
is  the  error  introduced  in  the  coordinate  transformations .  The  elements 
of  the  transformation  matrices  are  trigonometric  functions  of  angles 
expressed  in  radians .  Since  tt  and  its  multiples  cannot  be  expressed  in 
binary  form,  the  computer  introduces  a  small  error  into  the  elements  of 
the  transformation  matrices.  This  error  causes  small,  out  of  plane  forces 
to  appear  in  the  equations  of  motion  of  the  rigid  body.  Initially,  this  error 
is  quite  small  and  may  be  neglected  for  short  duration  runs.  However, 
should  long  runs  be  required,  this  error  may  become  sizeable.  The 
previous  difficulties  could  be  eliminated  through  programming  changes  if 
required.  In  the  interim,  however,  the  program  can  be  used  taking 
account  of  the  above  conditions  to  investigate  the  impact  response  of  an 
energy -absorbing  landing  gear  system. 

The  program  presented  was  debugged  and  operated  using  simplified  impact 
conditions.  Classical  single  and  two-degree  of  freedom  response  calcu¬ 
lations  were  made  to  compare  with  the  computer  output  and  validate  the 
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Figure  37.  Pure  Vertical  Response  Symmetrical  Stiffness 
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Figure  38.  Pure  Vertical  Drop  Asymmetrical  Stiffness 


results .  It  was  not  possible  during  this  effort  to  incorporate  the  additional 
logic  required  to  recognize  vehicle  impact  rather  than  landing  gear 
attenuation.  That  is,  the  program  is  developed  assuming  that  the 
landing  gear  attenuate  the  response  and  inhibits  fuselage  impact.  Given 
that  energy -absorbing  landing  gear  coefficients  are  reasonably  compatible 
with  impact  input  conditions,  the  program  is  valid.  If  severe  inputs  are  used 
with  inadequate  attenuation ,  the  results  are  invalid  just  as  are  the  original 
input  data . 

3.6  PHASE  II  SUMMARY 
Results  of  this  phase  are  as  follows; 

1 .  Design  criteria  for  crash  conditions  v/ere  quantitatively  defined 

as  a  set  of  36  impact  conditions  that  consider  attitudes  and  velocities. 

In  addition,  the  structural  acceleration  limit  of  15G  was  established 
as  a  realistic  criterion  for  improved  fuselage  crashworthiness . 

2 .  Several  concepts  were  examined  to  determine  the  feasibility  of 
establishing  energy-absorbing  capability  into  landing  gear  systems . 

The  concepts  established  using  the  criteria  developed  indicated 
that  it  is  feasible  to  combine  existing  energy-absorbing  devices 
into  future  or  existing  landing  system  designs . 

3 .  The  effects  of  combined  loads  and  of  the  location  of  applied  loads 
create  significant  variations  in  forces  and  moments  carried  by 
structural  elements . 

4 .  The  truss  c  ncept  shown  in  Figure  17  for  the  medium  cargo  class 
helicopter  indicated  that  it  is  possible  to  select  truss  elements  that 
can  have  energy  absorbers  incorporated  within  them  that 
successfully  operate  with  the  combined  loads . 

5.  The  UH  &  LOH  skid  concepts  were  greatly  influenced  by 
the  location  of  the  applied  load  . 

6 .  Skid  configurations  can  be  analyzed  to  evaluate  the  effects  of 
plasticity  and  yield  stiffness  coefficients  for  a  dynamic  analysis . 

7.  A  computer  program  that  accepts  nonlinear  elements  and  computes 
a  simulated  helicopter  response  in  three  inertial  degrees  of  freedom 
was  completed ,  although  not  in  time  for  concept  development . 

After  weighing  several  design  factors,  one  of  the  UH  skid  concepts  was  selected 
for  Phase  in  evaluation .  The  first  consideration  was  operational  requirements, 
including  normal  landing  loads .  All  UH  skid  concepts  shown  satisfy 
these  requirements  because  all  are  designed  not  to  actuate  until  the  envir¬ 
onment  is  more  severe  than  "normally"  designed  for.  The  rigid  link  (Figure  19) 
rides  over  the  existing  strut  and  aoes  not  stroke  until  raised  above  a 


particular  level.  The  energy-absorbing  strut  (Figure  20)  will  not  actuate 
until  the  slotted  strut  is  sufficiently  raised .  The  crushable  skid  (Figure  21) 
lever  and  cantilever  (Figures  22,  23)  concepts  are  also  displacement  activated. 

The  combined  crash  landing  load  of  the  landing  gear  and  airframe  does 
not  occur  if  the  concepts  operate  as  anticipated.  However,  it  is  only 
realistic  to  consider  what  happens  if  that  should  occur  during  crashes 
that  are  more  severe  than  designed  for ,  All  concepts  except  the  crushable 
skid  concept  introduce  additional  forces  and  moments  into  the  fuselage 
frame  which  tend  to  reduce  its  crashworthiness .  Any  concept  which 
relies  on  carrying  the  force  from  some  point  on  the  skid  back  to  the 
fuselage  introduces  moments  that  must  be  balanced  by  forces  and  moments 
in  the  frame.  As  the  fuselage  impacts,  the  bending  capability  of  the  frame 
is  reduced  because  of  these  additional  moments . 

Environmental  effects  can  be  discussed  for  the  systems .  The  rigid  link  concept 
(Figure  19)  and  lever  mechanism  concept  (Figure  22)  rely  upon  a  pivot  point 
within  the  fuselage,  and  yet  actuation  requires  impact  contact  external  to  the 
fuselage.  Therefore,  the  mechanism  that  ties  the  energy  absorber  and  skid 
together  must  pass  through  some  seal  or  expose  the  pivot  to  the  environment . 
The  energy-absorbing  struts  and  cantilevered  absorbers  are  both  continually 
exposed  to  the  environment,  and  this  may  or  may  not  be  a  problem,  depending 
upon  the  device .  The  raech  mism  required  to  cause  the  actuating  displacement , 
such  as  a  slot,  does  introduce  another  source  of  wear.  The  crushable  skid  can 
be  rigidly  attached  to  the  fuselage  and  hence  is  only  influenced  inasmuch  as  the 
device  is  influenced . 


Cost  is  meant  to  imply  the  cost  of  implementing  the  concept  and  not  of 
retrofitting  an  ole  design .  The  rigid  link  and  lever  concepts  require  the 
fabrication  of  pivots  that  permit  the  change  of  direction  of  the  applied 
forces.  Additionally,  the  structure  between  the  absorber  and  the  strut 
must  be  fabricated  and  installed .  The  cantilevered  absorbers  require 
additional  structure  attached  to  the  fuselage .  The  energy-absorbing  strut 
and  crushable  skid  are  similar  in  that  only  the  attachment  structure  is 
required . 

The  reliability  of  the  concepts  can  be  judged  by  the  number  of  components 
required  to  actuate  the  absorber .  Each  component  introduces  another 
link  that  has  a  probability  of  failure . 

Conceptually,  the  crushable  skid  has  a  minimum  number  of  components  in 
that  it  consists  of  energy  attenuators  that  displace  vertically  within  guides . 
The  side  and  drag  force  effects  are  carried  in  the  guides  and  the  vertical 
forces  are  attenuated  during  the  displacement.  This  also  implies  minimum 
weight  and  complexity  in  that  no  additional  structural  "hard  points"  are 
required  other  than  within  the  lower  frame  strucutre . 

Additional  consideration  was  given  to  the  fact  that  by  coupling  the  crash 
attenuation  to  the  skid ,  the  effects  of  combined  loads  and  tip  loads  severely 


110 


complicate  the  problem  of  generating  a  fixed  configuration  attenuation 
system .  The  skid  deforms  differently  depending  upon  the  point  of  load 
application.  If  the  added  attenuation  is  relative  to  skid  displacement, 
it  cannot  sense  whether  or  not  greater  attenuation  at  an  extreme  attitude 
is  required . 

Because  of  the  aforementioned  aspects ,  the  "additional"  skid  concept  was 
selected  for  hardware  design .  As  glaringly  pointed  out  in  the  following 
sections,  this  was  shown  to  be  a  very  suspect  selection.  The  combined 
loads  effects  could  not  be  carried  by  guides  and  the  design  evolved  into 
a  skid  with  additional  linkages . 


CHAPTER  4 

PHASE  HI  -  ENERGY-ABSORBING  UH-1 
LANDING  GEAR  DESIGN,  FABRICATION,  AND  TEST 

4.1  INTRODUCTION 

The  final  phase  of  the  program  consisted  of  several  tasks: 

1.  Analyze  the  UH-1H  helicopter  landing  gear  system  to  identify  any 
design  deficiencies  and  hazards  contributing  to  the  incidents  of 
injuries  and  fatalities . 

2.  Design  an  experimental  prototype  skid-type  crash  force  attenuating 
landing  gear  utilizing  the  previous  criteria  and  concepts. 

3.  Fabricate  and  test  ihe  designed  landing  gear  in  accordance  with 
the  established  criteria  using  a  full-scale  test  vehicle . 

4.2  FAILURE  ANALYSIS 

The  present  UH-1H  helicopter  landing  gear  system  was  analyzed  to 
identify  design  features  which  contribute  to  the  incidence  of  injuries 
and  fatalities  sustained  in  severe  but  survivable  UH-1H  helicopter 
accidents . 

The  response  of  the  skid  to  applied  loads  in  the  drag ,  side .  and  vertical 
directions  at  various  points  on  the  skid  were  examined .  It  has  been  shown 
that  severe  bending  moments  and  shear  reactions  are  created  when  the  loads 
are  applied  at  the  forward  tip  of  the  skid .  The  magnitudes  of  the  reactions 
are  such  that  the  bending  moments  vertically  and  horizontally  are  46 , 200 
inch-pounds  and  20,400  inch-pounds  respectively  for  applied  loads  of  1,000 
pounds  vertical  and  500  pounds  axial  and  side .  The  forward  tube  has  a  radius 
of  1.375  inches  and  a  moment  of  inertia  of  1.55.  These  provide  bending 
stresses  of  40,900  psi  and  18,100  psi.  The  stiffness  of  the  skid  to  an  applied 
vertical  tip  load  is  approximately  385  pounds  per  inch.  Therefore,  at  a  load 
sufficient  to  develop  a  yield  stress  for  7075-T6  alumunum,  the  deflection  is 
sufficient  to  rotate  the  tip  up  to  nearly  10  degrees.  Hence,  even  if  the  skid 
tips  were  a  horizontal  extension  of  the  flat  bottom  skids,  they  would  deform 
elastically  up  to  a  sufficient  degree  to  load  the  vertical  struts  at  impact. 

Beyond  the  application  of  the  tip  yield  load  the:  struts  carry  the  increased 
load  while  the  tip  remains  fixed  relative  to  the  strut.  The  strut  then 
carries  proportionately  less  bending  moment  due  to  more  being 
transferred  to  the  rear  strut.  For  loads  applied  at  the  strut,  the  bending 
moment  carried  is  21,740  inch-pounds  per  1,000  pounds  applied  and  has  a 
stiffness  of  1,900  pounds  per  inch .  The  strut  deforms  elastically  up  to 
3,730  pounds  and  1.96  inches.  Plastic  deformation  then  continues  up  to 
4  to  5  times  the  elastic  stroke .  By  this  time  the  fuselage  has  been  con¬ 
tacted  and  additional  deformation  of  the  skid  relative  to  the  fuselage  is 
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not  possible . 

The  results  of  the  above  plastic  analysis  for  combined  loading  effects 
indicate  that' 

1 .  The  conventional  skid  has  sufficient  plastic  deformation  to  permit 
deformation  without  rupture  up  to  fuselage  impact . 

2.  Even  with  an  extreme  tip  load  application,  the  deformation  is  such 
that  a  skid  segment  would  not  be  ruptured  and  torn  free  from  mating 
components . 

3 .  The  tie-down  attachments  at  the  junction  of  the  struts  and  skids  are 
designed  to  carry  a  maximum  of  approximately  4G.  At  this  level 
the  critical  bolt  in  any  particular  attachment  saddle  has  only  a  13 
percent  margin  of  safety.  Others  in  the  pattern  are,  of  course,  not 
under  the  severe  load  developed  by  both  moment  and  shear .  It  was 
anticipated  that  several  bolts  would  fail  at  critical  locations ,  but 
that  the  skid  and  strut  would  not  separate .  The  criticality  depends 
upon  the  attitude  and  tip  loading.  At  yield,  the  tip  loading  condition 
does  not  exist. 

The  general  conclusion  made  is  that  because  of  the  configuration,  material 
type,  and  attachment  means,  the  tubular,  circular  arc  landing  gear  fails 
without  creating  hazardous  flying  objects  or  segments  that  tend  to 
penetrate  the  fuselage . 

4.3  SKID  LANDING  GEAR  DESIGN 

A  requirement  of  the  energy-absorbing  landing  gear  system  was  that  it 
meet  or  surpass  the  capabilities  of  the  current  UH-1  skid .  By  decoupling 
the  energy  attenuation  system  from  the  skid  configuration,  it  was  then 
possible  to  provide  a  skid  which  would  duplicate  the  existing  design .  This 
simplified  the  design  of  the  landing  gear  in  that  duplication  alone  could  be 
considered  rather  than  designing  a  system  with  both  "normal"  and  "crash" 
criteria . 

4.3.1  Skid  Design  for  Normal  Landing  Conditions 

Unsuccessful  attempts  were  made  to  obtain  a  set  of  UH-1  skids  that  could  be 
incorporated  into  the  test  vehicle .  Also ,  it  was  determined  that  duplicating 
the  skid,  with,  its  curvature,  material  type  and  internal  chem- 
milled  wall  thickness,  would  be  very  time  consuming  and  expensive. 
Consequently,  it  was  desirable  to  find  a  skid  configuration  of  commerically 
available  stock  with  minimum  forming  or  fabrication .  A  skid  of  particu¬ 
lar  wall  thickness,  material  type,  curvature  and  length  that  would 
duplicate  force,  energy  and  stroke  in  the  elastic  and  plastic  range  was 
needed . 


The  forward  cross-tube  was  examined  first .  The  desired  force- 
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displacement  curve  is  shown  below; 
3600  i - 
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The  deflection  of  a  curved  tube  is  calculated  from 
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where  the  first  integral  is  the  elastic  deformation  and 

LjL2  =  dimensions  from  attachment  point  to  point  of  load 
E  =  strain  from  an  elastic-plastic  bending  curve 
D  =  outside  diameter  of  the  tube 

Mm  =  the  product  of  applied  moment  (M)  and  virtual  moment  (m) 

An  analysis  was  conducted  on  several  configurations  of  aluminum  and 
steel .  Aluminum  tubing  of  the  desired  geometry  has  both  a  yield  and 
ultimate  deflection  that  are  too  low .  That  is ,  if  a  section  property  is 
selected  to  carry  the  design  force  at  failure,  the  strain  will  not  permit 
large  enough  displacements .  Both  low-carbon  and  annealed  nickel- 
chrome  steel  were  examined .  The  low-carbon  steel  has  proper  yield 
value  but  will  not  displace  far  enough  at  ultimate  to  generate  the  desirable 
energy .  The  annealed  material  is  least  desirable  in  that  the  deformations 
are  considerably  less  than  required  . 

A  constant  cross-section  aluminum  pipe  was  examined  as  a  straight  canti¬ 
levered  beam  to  determine  whether  or  not  the  section  properties  and  free 
length  could  be  varied  to  stdisfy  the  criteria ,  The  analysis  was  based 
upon  the  paper  by  Chernoff6  and  the  assumption  that  planes  remain  planar 
during  bending;  hence,  strain  energy  in  bending  can  be  related  to  the 
translational  energy  dissipated  by  the  load  at  the  tip  of  the  beam .  The 
plasticity  effect  is  incorporated  into  the  analysis  in  that  an  effective  or 


equivalent  elastic  bending  moment  at  failure  can  be  calculated  from 
material  properties  and  incorporated  into  the  otherwise  linear  analysis . 


As  the  cantilever  is  bent,  the  strain  energy  due  to  bending  can  be  repre¬ 
sented  by  the  area  of  curve  shown  below: 


This  must  be  equivalent  to  the  energy  of  the  applied  load . 

After  several  iterations  of  configurations,  specific  tubes  were  found. 

For  the  forward  tube,  the  desirable  yield  and  ultimate  forces  were  2000 
and  3600  pounds  respectively .  If  8061-T6  tubing  is  used  with  an 
ultimate  strength  of  42,000  psi,  then  the  bending  stress  is  59,000  psi  for 
a  section.  For  a  59,000  psi  stress  and  55-inch  cantilever,  it  is 
necessary  to  have  a  4-inch  by  5/ 16-inch  wall  thickness  tube.  The 
applied  force  would  be  3310  pounds  ultimate  ard  1980  pounds  yield. 

The  angular  deformations  due  to  the  yield  and  ultimate  load  are  .048 
radian  and  .260  radian.  This  is  based  upon  the  curves  of  Chemofx 
which  indicate  that  the  ultimate  and  yield  strain  differ  by  a  factor  of  5 . 43 
Equating  the  internal  strain  energy  and  applied  energy ,  the  strokes 
developed  are 
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so  that  the  total  deformation  at  ultimate  is  16 . 11  in .  The  Bell  data 
indicate  about  3550  pounds  at  16  inches .  Therefore,  the  tubing  selected 


was  a  commercially  available  3i-inch  pipe  (4  inch  OD)  with  0.318-inch 
wall  thickness . 


The  rear  strut  selected  was  a  4-inch  pipe  (4,5  inch  OD)  with  0.337-inch 
wall  thickness .  The  curve  analytically  anticipated  is  shown  below .  A  60- 
inch  cantilever  was  required . 


The  fore  and  aft  members  of  the  UH-1  skids  were  fabricated  from  2024-T3 
4-inch  OD  by  0.085  inch  wall  thickness  tubing.  The  strength  required 
was  duplicated  by  designing  with  4£  inch  OD  by  .  125  inch-thick  6061-T6 
tubing . 

Two  sample  skid  landing  gear  were  fabricated  and  strain  gaged  to  determine 
how  close  the  designed  tubular  skids  could  duplicate  the  original 
UH-1  skids.  The  samples  were  sent  to  Bowser-Momer  Testing 
Laboratories,  Dayton,  Ohio,  to  determine  the  force-deflection  character¬ 
istics  as  well  as  strain  data  for  later  calculation  of  skid  force  during 
impact  tests . 

The  curves  generated  are  plotted  with  the  desired  Bell  data  to  indicate  the 
agreement  (Figure  39) .  Although  the  skids  are  of  different  material,  con¬ 
figuration  and  length,  it  was  thought  that  their  characteristics  would 
sufficiently  duplicate  the  maximum  forces,  stroke  length,  and  energies 
required  during  failure  of  the  skids . 

4.3.2  Skid  Design  for  Crash  Impact 

The  results  of  the  concept  studies  indicated  that  the  concept  of  an 
additional  energy-absorbing  skid  to  absorb  the  crash  energy  of  a  simu¬ 
lated  UH-1  vehicle  is  attractive.  The  energy-absorbing  skid  would 
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Figure  39.  Load  vs.  Deflection. 


supplement  the  capabilities  of  the  existing  skids  in  that  the  crash  pulse 
of  25  feet  per  second  vertical  velocity  was  to  be  dissipated  at  attitudes 
of  angles  of  up  to  10  degrees  without  exceeding  15G  on  the  fuselage. 
Additionally ,  side  and  drag  velocities  were  to  be  considered . 

Initially,  an  estimation  of  the  impact  response  of  a  UH-1  vehicle  due  to 
initial  conditions  of  attitude  was  sought.  Test  data  collected  previously 
on  full-scale  crash  tests  indicated  that  for  large  impact  velocities,  the 
conventional  landing  skid  had  been  somewhat  useless  in  changing  the 
attitude  of  the  vehicle .  That  is,  if  the  vehicle  were  nose  high  at  impact, 
the  vehicle  would  remain  in  that  attitude  during  crushing  of  the  skids . 
This  would  be  inferred  from  the  inertial  characteristics  of  the  vehicle, 
but  it  was  desirable  to  obtain  a  reasonable  approximation  of  the  vehicle 
response  to  indicate  the  criteria  that  would  be  applicable  to  the  energy¬ 
absorbing  skids . 

The  vehicle  was  approximated  by  the  system  shown  below: 


The  first  case  examined  was  that  of  10  degree  roll  only  with  combined 
vertical  and  horizontal  velocity .  The  equations  of  motion  were  assumed 
to  be  decoupled  so  that  the  angular  and  translational  motions  could  be 
easily  calculated . 

For  translational  lightly  damped  response. 


.IX  +  KX  =  0  (47) 

where  K  is  the  stiffness  of  the  skid . 

The  angular  response  is  calculated  from 
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where  I  is  the  rolling  moment  of  inertia 

9  is  the  angular  velocity 

The  problem  is  solved  by  calculating  the  translational  equation  and  de¬ 
termining  the  time  required  to  stroke  through  the  range  of  the  linear 
stiffness.  The  angular  response  for  that  time  is  evaluated,  and  then 
both  equations  are  reevaluated  for  constant  force  failure  of  the  skid . 

For  the  nose  down,  10  degree  roll  impact,  the  stiffness  of  only  one  skid 
is  initially  effective.  From  existing  data,  the  stiffness  would  be  433  pounds 
per  inch .  Evaluation  of  the  expression 
V 

X  =  ^  SINwt+COSwt  (49) 

where 

X  is  the  vertical  displacement 

V  is  the  initial  vertical  velocity 
o 


for  a  displacement  of  0  inches  (the  linear  range)  yields  a  time  required 
of  .020  second.  In  this  amount  of  time,  the  vehicle  rolls  only  0.01 
radian.  At  that  point  the  equations  are  reevaluated  for  a  desired  10  degree 
of  roll.  The  result  is  that  one  skid  would  crush  11.7  inches  during  the  total 
10  degrees .  Therefore ,  the  roll  inertia  is  low  enough  that  it  is  apparent  the 
vehicle  will  be  approaching  a  level  attitude  when  tbe  additional  skid  be¬ 
comes  effective .  This  was  an  important  point  because  it  means  that  it  can 
be  assumed  that  skids  on  both  sides  of  the  vehicle  will  be  effective  during 
the  energy-absorbing  stroke .  If  the  inertia  were  too  great,  in  relation  to 
the  forces,  moments  and  stroke  lengths  required,  then  it  would  be 
necessary  to  consider  the  requirement  of  having  large  energy-absorption 
capability  at  each  "corner"  of  the  vehicle . 

As  an  example ,  consider  the  effects  of  pitch  attitude .  For  the  same  con¬ 
ditions  as  above  (the  softest  skid  impacting  first)  the  inertia  in  pitching 
is  nearly  five  times  greater.  This  creates  the  need  for  27  inches  of  stroke 
in  order  to  rotate  the  nose  up  10  degrees .  This  clearly  indicates  that  a 
pitching  attitude  will  remain  virtually  unchanged  during  the  stroking  of  the 
conventional  skid . 

The  yawed  configuration  is  similar  to  ^ie  pitched  attitude  in  that  the 
moment  of  inertia  is  similar  (11,9  x  10*  versus  13,7  x  10*)  and  the 
stiffness  of  the  forward  strut  to  side  load  is  similar  to  the  vertical  used 
above.  Side  force  stiffness  of  the  forward  skid  is  calculated  at  360  pounds 
per  inch  as  compared  with  433  pounds  per  inch.  Therefore,  the  vehicle 
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will  attempt  to  continue  at  any  initial  yaw  angle  during  the  vertical  energy 
attenuation  process . 

The  simplified  analysis  indicates  that  it  is  now  reasonable  to  assume  that 
the  existing  skid  configuration  will  provide  sufficient  force  and  stroke  for 
the  vehicle  to  roll  during  impact,  but  insurficient  strength  to  modify  the 
pitch  or  yaw  attitude  at  impact.  Therefore,  in  designing  the  energy- 
absorption  system  which  is  to  supplement  the  skid ,  it  will  be  necessary  to 
examine  the  effects  of  a  pitch  attitude  at  impact . 

The  effects  of  the  yaw  attitude  are  ignored  for  the  moment,  since  it  is 
difficult  to  realistically  evaluate  how  that  particular  "component"  of  the 
total  energy  is  to  be  dissipated .  It  is  possible  to  have  no  attenuation 
within  the  vehicle .  Rollers  could  expend  the  energy  in  rolling  laterally . 
This  is  true  of  the  longitudinal  velocity .  The  dissipation  is  accomplished 
through  surface  effects  at  the  impact  point  or  area,  and  not  through 
stroking  of  an  attenuator .  This  is  not  true  of  the  vertical  velocity  at 
impact . 

During  the  conceptual  stages  of  energy-absorbing  system  design,  it  was 
necessary  to  determine  how  much  force ,  energy ,  and  stroke  would  be 
required  to  dissipate  the  total  energy  available .  The  assumed  UH-1 
configqration  of  6,600  pounds  impacting  at  25  feet  per  Becond  will  generate 
7.7x10°  inch-pounds  of  energy .  If  the  impact  is  purely  vertical  and  the 
existing  skids  deform  over  their  theoretical  capability  of  about  16  inches, 
the  energy  dissipated  by  the  skids  will  be 

E  =n  F6={(. 75)  (19,200)  }16=2.31xl05  (50) 

where  q  =  0.75  was  chosen  for  a  conservative  efficiency 

F  =  19,200  pounds,  is  the  total  force  developed  by  both  skids 

5 

Therefor^,  the  energyg-absorbing  landing  gear  must  absorb  5.39  x  10 
(7.7  x  10°  -  2.31  x  10°)  inch-pounds,  if  a  stroke  of  6  inches  is  assumed 
with  an  efficiency  of  90  percent  (typical  for  an  energy  attenuator)  . 

5.39  x  10^  =  qF6  F  =  100,000  pounds 

For  equally  loaded  energy  absorbers  on  the  vehicle ,  this  would  require 
25,000  pound  units,  and  the  acceleration  of  the  fuselage  would  be 

19,200  +  300,000  =18. 1G 

6,600 

which  is  greater  than  desired . 

Assuming  the  skids  could  operate  out  to  22  inches  of  stroke, 

E  =  (.75)  (20,200)  (22)  =  3.33  x  105 
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5 

and  the  landing  gear  must  carry  4.37  x  10  inch -pounds.  The  energy 
absorber  would  then  carry  20,250  pounds  and  generate  a  load  factor  of 
15. 3G.  A  ground  clearance  of  22  inches  is  necessary  to  satisfy  the 
acceleration  and  energy  levels  required  utilizing  conventional  skids . 

If  the  attitude  is  changed  to  10  degrees  nose  up,  the  rear  skids  will  only 
provide  !L10  x  10°  inch-pounds,  and  the  energy  to  be  dissipated  is 
5.60  x  10°  inch-pounds.  The  absorber  just  found  for  the  pure  vertical 
impact  is  assumed  to  exist  and  would  generate 

5 

E  =  2 . 185  x  10  inch-pounds 

5 

An  additional  capability  must  exist  to  dissipate  3.415  x  10  inch-pounds. 

For  the  same  stroke  length  (6  inches)  the  force  required  would  be 
63,200  pounds  and  the  fuselage  would  feel 

63,200  +  40,500  +  19,200  _  on 

- O00 -  -20'1G 

Similarly,  for  the  nose-down  condition,  the  fuselage  will  develop  19. 2G 
and  will  require  78,500  pounds  of  additional  force. 

This  indicates  that  if  a  given  stroke  length  of  energy  absorber  will  satisfy 
the  pure  vertical  drop ,  the  effects  of  attitude  will  require  additional 
energy  absorbers,  fore  and  aft,  that  will  generate  unacceptable  G  levels. 

It  would  be  desirable  to  have  an  absorber  system  sensitive  to  attitude,  one 
that  would  vary  the  force  with  the  direction  of  application .  As  a  first 
approximation  to  the  system  desired ,  it  would  be  necessary  to  have  a 
configuration  with  four  20,250-pound  energy  absorbers  at  the  skid  tie-down 
points,  two  31.600-pound  attenuators  aft,  and  two  39,250-pound  units 
forward . 

The  preliminary  analysis  is  conservative  in  the  sense  that  in  a  10-degree 
attitude  the  forward  and  aft  skids  both  dissipate  energy.  After  approximately 
12  inches  of  stroke,  both  skids  are  bending  and  dissipating  energy  which 
reduces  the  capacity  and  force  level  of  additional  energy  absorbers . 

At  this  point  the  problem  was  twofold .  A  system  was  necessary  which 
could  generate  different  force  levels  as  a  function  of  pitch  attitude ,  and 
which  was  capable  of  carrying  the  side  and  drag  loads  developed  by 
frictional  forces . 

The  first  aspect  was  examined  to  determine  if  types  of  linkages  with 
particular  attachment  points  could  be  used .  The  addition  of  a  linkage  was 
not  a  desirable  feature.  Previous  criteria  had  indicated  that  conceptually 
the  additional  skid  would  not  need  linkages  to  perform  properly.  However, 
more  detailed  examination  into  the  problem  indicated  that  attitude 
sensitivity  was  a  significant  problem .  This  problem  is  present  regardless 
of  the  concept  selected .  The  energy  absorption  system  must  passively 
detect  an  attitude  at  impact  and  have  the  capability  to  supply  reacting 
forces  that  are  "matched"  to  the  requirements .  Given  that  an  attitude 
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angle  exists  between  fuselage  and  impact  surface ,  the  relative  motion 
must  be  recognized  and  utilized  to  alter  the  force  levels  developed .  The 
only  means  found  of  accomplishing  this  was  that  of  linkages  which  could 
create  relative  displacements  if  other  than  a  vertical  impact  occurred . 

As  an  example ,  consider  the  linkage  shown  below . 


If  the  skid  is  forced  upward  vertically ,  the  intersection  of  the  cross¬ 
members  travels  vertically  and  horizontally .  If  the  rear  end  compresses 
at  some  attitude  angle,  the  intersection  point  travels  aft  and  another 
absorber  tied  to  that  point  and  the  front  of  the  fuselage  has  to  be  elongated . 
There  are  many  practical  difficulties  in  such  a  system  as  well  as  the 
problems  of  carrying  large  loads  at  large  angles  to  develop  significant 
component  forces . 

One  method  to  be  examined  was  to  recess  the  additional  absorbers  by  the 
attitude  required . 


If  the  attachment  point  of  the  "attitude"  sensitive  absorber  is  at  the 
selected  angle  above  the  "pure  vertical"  absorbers,  then  the  rear  unit 
cannot  stroke  unless  there  is  some  attitude.  At  10  degrees  of  nose-up 
pitch,  both  units  would  stroke  simultaneously.  At  some  in-between  angle 
the  "attitude"  absorber  would  not  stroke  until  the  center  units  had 
stroked  and  the  front  skid  dissipated  additional  energy. 
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At  the  extreme  attitude  angle  selected,  the  center  units  and  the  attitude 
units  stroke  simultaneously  after  the  one  conventional  skid  has  stroked 
For  the  pure  vertical  drop ,  both  skids  actuate  and  all  center  fuselage 
energy  absorbers  stroke .  At  any  in-between  attitude ,  one  strut  and  a 
center  attenuator  act  initially  until  the  deformation  gradually  picks  up 
energy  from  the  other  strut  and  then  the  "attitude"  absorber. 

The  second  aspect,  side  and  drag  force  capability,  proved  to  be  more 
difficult  to  solve.  Consider  the  schematic: 


The  energy  absorbers  stroke  at  a  given  force  level  and  permit  a  side  and 
drag  force  of  one-half  the  vertical  force .  The  schematic  is  indicative 
of  the  system  to  be  used  but  not  definitive  in  establishing  where  the 
attachment  points  are  or  how  they  function  under  load . 

The  system  could  be: 


and  would  then  reduce  the  force  level  required  for  any  one  absorber.  The 
attachment  points  could  be  pin  connections ,  assuming  the  side  and  drag 


forces  are  carried  elsewhere.  However,  if  pinned  to  permit  only  axial 
variations  of  th'.f.  arrangement  were  examined,  such  as 


Multiple  guides  were  examined  in  parallel  with  multiple  energy  absorb¬ 
ers  to  determine  the  loads  that  have  to  be  carried  in  each  structural 
element .  It  is  necessary  to  insure  that  the  bending  moments  generated  by 
the  side  and  drag  forces  are  carried  in  the  guides ,  not  the  absorbers . 

The  conventional  absorbers  available  cannot  carry  appreciable  bending 
loads  and  are  designed  to  act  axially . 

The  analyses  indicate  that  guides  create  large  bending  moments  in  order 
to  carry  the  loads  from  impact  point  to  absorber.  As  an  example,  the 
configuration  shown  below  considers  the  condition  where  the  energy- 
absorber  skid  has  impacted  at  a  small  pitch  attitude  and  must  develop  the 
forces  of  the  center  absorbers. 
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Notice  that  the  guide  nearest  the  applied  load  must  carry  nearly  1  trillion 
inch-pounds  of  moment  without  drag  or  side  load  effects.  This  leads  to 
the  question  of  whether  or  not  the  guides  would  even  work  under  these 
conditions .  The  arrangement  would  be  similar  to  the  sides  of  a  crib 
where  the  movement  must  be  vertical  without  bending .  The  moments  to 
be  carried  require  enormous  section  properties  and  rigid  supporting 
structure.  A  similar  result  was  obtained  for  several  variations  of  guide- 
absorber-link  arrangements. 

At  this  point  the  design  reverted  to  the  technique  of  providing  structure 
in  the  direction  of  the  applied  load .  That  is,  if  a  drag  load  is  present, 
why  not  provide  a  drag  link,  an  axial  member  that  can  efficiently  carry 
a  particular  load?  Similarly,  if  the  side  load  exists,  it  must  be  carried 
by  a  side  link.  Therefore,  the  energy  absorbing  landing  gear  system 
becomes  schematically 


Side  Link 


The  impact  loads  are  introduced  into  the  horizontal  members  and 
carried  into  the  drag  and  side  links  through  pinned  connections .  To  det¬ 
ermine  the  loads  carried  in  each  member,  vector  diagrams  were 
generated  for  various  impact  conditions .  As  the  vehicle  impacts  at  a 
10-degree  attitude,  the  linkage  permits  the  skid  to  swing  up  into  the 
proper  attitude .  Since  it  is  assumed  that  the  vehicle  does  not  change 
attitudes  during  the  stroking  of  the  energy  absorbers,  the  links  connect¬ 
ing  the  energy  absorbers  remain  at  the  same  attitude  and  stroke  through 
a  given  displacement.  Figure  40  indicates  a  force  balance  diagram. 

With  the  addition  of  side  and  drag  forces ,  additional  vertical  components 
are  added  into  the  analysis  .  As  shown  in  the  figure,  the  addition  of  drag 
introduces  additional  vertical  components  which  must  be  accounted  for . 
The  result  is  that  it  requires  27,000  pounds  of  vertical  force  to  cause  a 
20,000  pound  energy  absorber  to  stroke  over  6  inches.  Several  variations 
of  input  conditions  were  examined,  and  it  was  found  that  in  order  to 
have  reasonable  forces  and  stroke  lengths  the  design  forces  would  have  to 
be 

Midsection  energy  absorbers  16,000  pounds 

Aft  fuselage  energy  absorbers  24,000  pounds 

Forward  fuselage  energy  absorbers  30,000  pounds 

Maximum  stroke  length  required  8  inches 

With  this  configuration  the  15G  design  level  could  be  achieved  except  for 
the  nose  down  at  10  degree  condition.  For  this  condition,  a  theoretical 
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16 . 2G  level  would  be  developed . 


Several  energy-absorber  manufacturers  had  been  contacted  to  obtain 
information  that  could  be  used  to  select  currently  available  energy  absorbers . 
ARA  Products ,  Inc . ,  was  contacted  to  obtain  the  required  energy  absorbers . 
After  initial  specifications  had  been  reviewed  and  analysis  conducted ,  it 
was  found  that  it  would  be  necessary  to  use  energy  absorbers  in  parallel 
to  generate  forces  greater  than  16 , 000  pounds.  A  redundant  analysis  was 
conducted  to  calculate  the  type  of  structural  tie  needed  to  minimize  any 
bending  that  might  be  carried  within  the  energy  absorbers  during  com¬ 
pression.  For  the  arrangement  shown  below,  a  1-inch-thick  steel  plate 
assures  that  the  energy  absorber  tube  carries  less  than  10  percent  of  its 
compression  capability  in  bending . 


The  detailed  design  of  the  skid  mechanisms  was  developed  from  the  given 
criteria,  and  it  was  possible  to  design  pinned  joints  having  adequate 
strength  and  flexibility  to  transfer  applied  loads  into  the  axial  links . 

A  drawing  of  the  system  is  shown  in  Figure  41 . 

The  system  consists  of  several  components .  The  large  horizontal  tubes 
across  the  middle  have  inner  and  outer  segments  with  rollers  between 
them .  This  is  necessary  in  order  to  permit  the  free  swing  of  the  drag 
links  during  vertical  impact .  The  entire  tube  is  free  to  rotate  so  that 
side  force  could  be  partially  dissipated  by  roll-out  rather  than  pure 
sliding  action  along  the  ground  surface .  The  inner  tube  with  rollers 
weigh  23$  pounds  and  the  outer  tube  weighs  57  pounds.  The  stiffness 
required  was  based  upon  a  running  load  along  the  tube  balanced  by  pinned 
end  connections . 
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The  stabilizing  links  with  attached  side  links  weigh  50i  pounds,  in¬ 
cluding  all  bearings  and  attachments ,  The  drag  link  weighs  7i  pounds. 


The  bearings  and  tie-ends  are  all  commercially  available  hardware  that 
was  readily  obtained . 

The  total  weight  of  the  skid  system  is  440  pounds .  The  energy  absorbers 
required  weigh  a  total  of  304  pounds  for  a  total  system  weight  of  744  pounds . 
If  it  is  assumed  that  the  side  and  drag  force  requirements  are  removed 
along  with  the  attitude  restriction,  the  system  weight  would  be: 


Wt  (lb  )  %  of  Aircraft  Gross  Weight 


Total  weight 

744 

11.27 

Stabilizers  &  side  links 

202 

3.06 

Drag  links 

30 

0.46 

Energy  absorber 

216 

3.27 

448 

6.79 

System  weight  for 

vertical  loads  only 

296 

4.48 

i  indicates  the  severity  of 

imposing  attitude 

and  combined  forces. 

particularly  for  this  design  concept. 

One  energy  absorber  has  the  capacity  to  carry  16,000  pounds  over  8$ 
inches  at  an  efficiency  of  .95.  The  specific  strain  energy  would  be  5,860 
inch -pounds  per  inch -pound.  For  the  system,  the  SEA  is  586.0  inch- 
pounds  per  inch-pound.  Hence,  the  design  creates  an  order  of  magnitude 
change  in  energy-absorption  capability  .  If  only  vertical  attenuation 
is  required,  the  SEA  is  1,480  inch -pounds  per  pound  and  a  ratio  of  4. 

4.4  DATA  REQUIREMENTS 

4.4.1  Calibration  Procedures 

Basic  calibration  data  wezQ  obtained  and  supplied  for  all  pertinent  com¬ 
ponents.  In  order  to  relate  these  to  the  test  data  obtained,  a  Honeywell 
bridge  balance  unit  was  used  to  provide  a  4-point  calibration.  The 
resultant  deviations,  produced  by  shunting  the  strain  gage  bridge  with 
known  resistors,  in  conjunction  with  their  associated  calibration  data, 
provided  the  necessary  units  (G's  or  pounds)  per  inch  of  galvanometer 
deflection.  In  addition,  the  4-point  calibration  provided  a  means  of  check¬ 
ing  the  transducer  linearity . 

4.4.2  Multiple  Oscillographs 

The  large  number  of  data  channels  accommodated  necessitated  the  use  of 
2  oscillographs .  Oscillographs  did  exist  with  the  required  channel 
capacity,  but  it  was  felt  that  the  confusion  introduced  by  squeezing  the  data 
onto  one  record  would  greatly  offset  any  advantages  which  might  have 
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accrued .  Identifying  individual  traces  was  made  easier  by  spreading  the 
data  over  two  records;  however  this  task  was  facilitated  further  by  obtain- 
ing  oscillographs  which  were  equipped  with  light  beam  interrupter  type 
trace  identifiers .  The  use  of  two  units  did  introduce  a  problem  of  time 
correlation  between  records ,  Time  was  correlated  by  noting  the 
acceleration  changes  at  the  release  time ,  The  oscillographs  were  equipped 
with  timing  systems,  capable  of  recording  time  lines  at  .01,  0.1,  1.0,  and 
10  second  intervals,  which  facilitated  this  procedure. 

4.4.3  Data  Reduction 

The  resultant  test  data  were  manually  reduced,  i.e.,  the  calibration 
pulses  were  measured ,  calibration  factors  determined ,  and  the  data 
traces  scaled  and  logged  together  with  their  time  of  occurrence  on  data 
sheets .  These  data  sheets  serve  as  the  source  documents  for  determin¬ 
ing  the  effectiveness  of  the  energy-absorbing  landing  gear  concept  and  for 
comparison  with  the  results  of  the  anticipated  computer  simulation . 

4.5  DYNAMIC  TESTS 

4.5.1  General  Procedure 

The  subject  tests  were  conducted  during  the  week  of  6  September  1971 
(at  the  Springfield  Municipal  Airport,  Springfield,  Ohio)  .  Three  drops 
from  a  moving  crane  and  several  low  static  check-out  drops  were 
planned . 


TABLE  X. 

PLANNED  IMPACT  TESTS  [ 

Angle  (Degrees) 

Impact  Velocity  (Ft/Sec) 

Test 

Roll 

Pitch 

Yaw 

Vertical  Longitudinal  Lateral 

1 

0 

0 

0 

25  0  0 

2 

0 

0 

0 

25  15  0 

3 

+10 

+10 

+10 

25  15  29 

[_ _ _ ... 

The  test  vehicle  was  attached  to  the  crane  using  the  release  mechanism 
and  suspension  system  previously  described ,  properly  oriented  and  raised 
to  the  drop  height.  A  drop  height  of  approximately  10  feet  for  each  of  the 
3  orientations,  which  are  level,  10  degrees  nose  up,  and  10  degrees  nose 
down,  was  required.  The  crane  was  then  to  proceed  to  a  predetermined 
position  on  the  runway  which  permitted  the  attainment  of  the  desired  20 
mile-per-hour  release  speed  prior  to  reaching  the  impact  area.  There 
it  was  to  be  joined  by  the  instrumentation  truck .  After  attaching  the  umbilical 
cp ble  and  making  the  appropriate  calibrations,  the  crane  and  truck  would  pro¬ 
ceed  toward  the  impact  area  where  the  cameras  and  associated  control 


131 


equipment  were  set  up .  Upon  reaching  the  impact  area  the  release 
mechanism  was  manually  actuated  and  data  were  collected .  After  each 
of  the  first  two  tests  the  test  vehicle  was  to  be  repaired  at  the  test  site,  since 
spare  parts  had  been  fabricated  and  delivered  to  the  test  site . 

4.5.2  Test  Results 

Drop  test  number  1  was  conducted  on  9  September  1971.  The  vehicle 
was  adjusted  for  a  level  attitude,  within  1  degree  in  roll  for  the  greatest 
deviation ,  and  raised  to  9  feet .  At  this  height  the  vehicle  interfered  with 
the  crane  boom,  and  hence  it  was  impossible  to  achieve  the  desired  9.7 
feet .  The  tubular  skids  had  been  installed ,  accelerometers  and  displace¬ 
ment  transducers  located  and  calibrated ,  and  photo  coverage  readied .  At 
impact,  the  vehicle  crushed  the  tubular  skids  in  the  same  manner  ob¬ 
served  during  the  static  tests.  The  energy  absorbeis,  however,  stroked 
only  a  small  amount  while  their  supporting  bulkheads  deformed. 

The  absorbers  stroked  only  2{  to  1-9/16  inches  while  the  remainder 
of  the  vertical  displacement  desired  was  provided  by  deformation  of  the 
lower  portion  of  the  bulkhead  .  At  impact,  the  moment  generated  by  the 
absorber  force  caused  the  reaction  forces  in  the  lower  beam  to  shear  the 
end  attachments .  Without  the  end  restraints ,  the  bean:  was  free  to  bow 
as  a  simply  supported  beam  and  the  attached  absorber  rotated  upward. 

The  energy  absorbers  were  sent  to  Bowser-Morner  Testing  Laboratories 
to  determine  the  force  levels  that  each  required  for  compression  loading . 

Tne  design  force  level  was  16,000  pounds,  and  it  was  found  that  the 
plateau  levels  of  the  absorbers  were  all  within  4  percent .  The  starting 
levels  for  the  absorbers  were  higher,  between  1450  and  2800  pounds 
greater ,  but  not  sufficiently  higher  to  explain  the  failures .  The  tests 
were  run  at  very  slow  strain  rates ,  machine  limited  to  2  inches  per 
minute ,  but  it  is  assumed  that  the  starting  forces  measured  are 
indicative  of  those  achieved  at  impact . 

Thirty-three  channels  of  data  were  collected  .  Two  channels  of  data,  lateral 
acceleration  on  the  side  of  the  vehicle  and  the  left  rear  strut  strain  gage, 
were  lo?t.  The  remaining  data  did  record,  but  the  extreme  translation  of 
the  channels  and  the  high  frequency  content  made  the  data  nearly  impossible 
to  interpret  and  highly  suspect  in  magnitude .  The  photo  coverage  had 
similar  disastrous  results  in  that  the  starting  current  was  not  supplied 
by  the  portable  generator  and  both  cameras  failed  to  photograph  the  impact . 

The  vehicle  could  not  be  repaired  in  the  field  because  of  the  nature  of  the 
damage .  The  need  for  replacement  linkages  and  some  attachment  fail¬ 
ures  had  been  anticipated,  but  the  vehicle  damage  was  not.  The  vehicle 
was  returned  to  Beta  Industries,  Inc, ,  and  no  further  testing  was 
attempted . 

The  results  of  the  test  were  disappointing  in  that  the  structural  failure 
did  not  permit  the  energy-absorbing  landing  gear  to  function  as  designed. 
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The  skids  were  later  examined ,  and  it  was  found  that  the  linkages  did  carry 
the  impact  loads  without  any  observable  cracks  or  deformations , 

4.6  TRADE-OFF  STUDIES 


The  goal  of  this  phase  of  the  program  was  to  develop  an  experimental 
prototype  energy-absorbing  landing  gear  system  that  would  demonstrate 
that  a  linkage  system  in  series  with  commercially  available  energy 
absorbers  would  attenuate  the  impact  at  various  aircraft  attitudes  and 
velocities .  The  results  of  the  test  program  were  inconclusive  in  that 
the  structural  failure  of  the  vehicle  bulkheads  did  not  permit  an 
evaluation  of  energy-absorber  response  or  linkage  response  for  the 
environments  selected .  All  attachment  points  of  the  energy-absorbing 
system ,  as  well  as  bearing ,  rollers ,  tubes ,  devices ,  etc . ,  did  survive 
the  impact  that  occurred.  Additionally,  test  results  on  the  absorber 
indicated  that  forces  developed  did  generate  the  loads  anticipated  in 
the  energy-absorbing  system .  Therefore ,  it  was  thought  reasonable  to 
assume  that  the  size,  weight,  and  strength  requirements  of  a  linkage-skid 
system  as  developed  would  provide  baseline  data  for  examining  the 
effects  of  crash  parameters  on  energy-absorbing  landing  gear  of  the  type 
tested . 


4.6.1  Parameter  Selection 

There  are  several  parameters  to  be  examined  when  considering  energy 
attenuation:  vertical  velocity,  drag  and  side  forces,  attitude,  conventional 
skid  configuration,  energy-absorbing  landing  gear  criteria,  fuselage 
structure ,  and  crew  seat  criteria .  The  first  three  quantities  directly 
influence  the  energy  attenuation  required  in  that  the  velocity,  combined 
forces,  and  attitudes  dictate  the  strength  requirements  of  the  linkages  and 
force  levels  of  the  energy  absorbers .  Inherent  in  establishing  the  force 
levels  required  is  some  level  of  fuselage  structural  strength  required  to 
carry  the  applied  loads.  If  the  fuselage  cannot  carry  the  15G  le\  el  of  the 
attenuation  system  at  the  attachment  points,  then  it  is  useless  to  design  for 
15G  force  level  absorbers. 

Another  consideration  is  the  conventional  skid  configuration .  A  skid 
designed  for  3.5G  and  8-foot-per-second  impact  velocity  will  Absorb  a 
given  amount  of  energy .  If  these  criteria  are  modified  to  5G  and  12 
feet  per  second,  the  energy  dissipated  is  significantly  different.  Similarly, 
if  the  energy-absorbing  landing  gear  system  is  designed  to  achieve  a  force 
level  of  9G  instead  of  15G  with  a  greater  stroke,  this  also  influences  the 
energy  balance.  Ultimately,  the  occupants'  seats  must  absorb  or  transmit 
the  remaining  impact  energy . 

The  trade-off  problem  can  become  very  extensive  if  all  possible  combina¬ 
tions  of  configurations,  environments,  and  energy  levels  are  considered. 

At  one  extreme  we  have  a  helicopter  with  conventional  skids  and  no  other 
appreciable  crash  energy  attenuation .  At  the  other  extreme  we  have  a  vehicle 
which  could  have  a  modified  skid,  energy-absorbing  landing  gear,  crushable 


fuselage,  and  energy-absorbing  seat. 

Consider  some  reasonable  parameter  variations; 

Impact  velocity  25,37.5,  50  ft/sec 

Drag  force  Does  or  does  not  exist 

Side  force  Does  or  does  not  exist 

Attitude  (pitch  only)  0°,  5°,  10°,  15°, 

Conventional  skids  3.5,  5.0,  7.5,  10. 0G 

8.0,  12.0,  16.0  ft/sec 

Energy  absorbing  50%,  75%,  100%  (Percentage  of  energy  to  be  dissipated) 
landing  gear  7.5,  10.0,  12.5,  15. 0G  (force  level  to  be  reached) 

Structural  strength  3.5,  5.0,  7.5,  10. 0G 

Seat  load  limit  7.5,  10.0,  12.5,  15. 0G 

The  total  number  of  possible  combinations  to  be  investigated  is  approxi¬ 
mately  111,000.  In  order  to  reduce  the  scope  and  place  the  emphasis 
properly  on  the  energy-absorbing  landing  gear  system ,  it  was  necessary 
to  establish  a  more  realistic  set  of  boundary  condition  h  for  manual 
calculations . 

At  this  point  it  is  evident  that  the  crash  criteria  proposed  in  Phase  II  can  be 
tested  to  determine  if  modifications  can  be  made,  with  variations  in 
weight,  cost,  and  performance,  which  would  lead  to  improved  criteria.  It  is 
not  possible  with  the  current  data  to  establish  improved  criteria 
critically  considering  all  aspects  of  the  helicopter  (skids,  absorber, 
structure,  and  seat)  .  However,  reasonably  accurate  estimates  can  be 
made  concerning  the  skids  and  energy-absorbing  system . 

For  the  trade-off  study,  the  important  parameters  are  those  of  the  crash 
environment  (velocity,  combined  forces,  and  attitude) .  The  levels  of  these 
parameters  chosen  obviously  influence  the  weight,  cost,  and  performance 
of  the  helicopter .  The  weight  can  be  estimated  based  upon  the  Phase  HI 
hardware  design .  The  cost  can  be  estimated  similarly  for  the  skid  system 
and  fuselage  alterations,  and  the  performance  can  be  estimated  based 
upon  the  ability  of  the  attenuation  system  to  protect  the  occupants . 

With  the  input  criteria  established  as  4  parameters  having  11  values 
there  are  48  combinations  of  input  conditions .  The  conventional  skids 
will  be  assumed  to  be  3.5G  and  8-^feet-per-second  skids,  and  7.5G  with 
16-feet-per-second .  The  latter  was  chosen  based  upon  the  result  of 
Reference  40 .  It  will  be  assumed  that  the  energy-absorbing  landing  gear 
will  absorb  all  of  the  energy  that  the  landing  gear  skid  does  not  attenuate. 


provided  that  the  forces  do  not  generate  acceleration  levels  greater  than 
15G.  The  fuselage  is  a  nominal  3.5G  fuselage,  but  this  infers  a  bending 
capability  rather  than  the  level  of  force  that  can  be  carried  into  the  struc¬ 
ture  .  Based  upon  the  data  of  Reference  40 ,  it  will  be  assumed  that  the 
structure  has  the  capability  to  withstand  a  15G  whole  body  acceleration 
without  failing  if  adequate  strength  is  provided  at  the  structural  interface 
between  the  skids ,  the  attenuators ,  and  fuselage .  The  seat  load  limits 
indicated  were  estimates  of  levels  that  could  be  used  to  initiate  energy 
absorption  by  the  seat .  This  will  only  be  examined  if  there  is  inadequate 
energy  attenuation  of  the  other  components.  Therefore,  the  tentative 
trade-off  analysis  will  consider 


Impact  velocity 
Drag  force 
Side  force 

Attitude  (pitch) 


25,37.5,  50  ft/sec 
Yes  or  no 
Yes  or  no 

0°,  5°.  10°,  15° 


Conventional  skids  3.5G&  8  ft/sec 

7 .5G  &  18  ft/ sec 


Energy -absorbing 
landing  gear 


100%  of  unabsorbed  energy, 
if  possible 


Fuselage  strength  As  required 


Seat  attenuation 


100%  of  unabsorbed  energy, 
if  possible 


This  will  require  approximately  100  variations  for  the  initial  examination. 
4.0.2  Trade-Off  Data  Required 
4. 6. 2.1  Conventional  Skid 

The  first  item  requiring  examination  is  the  energy  dissipated  by  the  con¬ 
ventional  skid  as  a  function  of  G  level,  impact  velocity,  and  pitch  attitude. 
From  the  simplest  equation  relating  impact  kinetic  energy  to  elastically 
stored  energy: 

1  2  KTX 

2  mv  =nN6  (51) 

The  displacement  required  to  elastically  absorb  and  restore  the  impact 
at  a  3.5G  level  is  6.75  inches,  which  compares  quite  favorably  with  the 
existing  skid  configuration .  If  rotor  lift  is  considered ,  the  stroke  is  4.92 
inches.  For  a  level  attitude  at  impact,  the  skid  response  can  be 
idealized  as; 
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lamtu 


Failure 


Deformation 


If  an  attitude  exists  at  impact  it  is  assumed  that  one  set  of  struts  will 
absorb  its  energy  while  the  other  will  not  do  so  until  the  attitude  angle 
at  impact  has  stroked  the  vehicle  up  to  the  remaining  strut.  Schematically, 


Yield  of 
One  Skid 

I 


0  deg , 


Attitude 


5  deg 


Deformation 


The  rear  strut  strokes  as  the  vehicle  descends  at  a  fixed  attitude .  A  span 
of  70  inches  has  been  assumed  as  a  nominal  value.  Therefore,  the 
displacement  required  for  a  5-degree  impact  to  initiate  the  forward  strut 
is  70  sine  (5  degrees)  or  6.1  inches.  The  force-displacement  curve 
developed  is 


-«r  - - - 


—  6.1  in. 
Deformation 


This  type  of  diagram  was  developed  for  several  types  of  conventional  skids 
at  selected  attitudes.  The  3.5G  and  8-foot-per-second  skid  curve  is 
shown  below . 


By  integrating  beneath  the  curve ,  it  is  possible  to  calculate  the  energy 
dissipated  during  stroking  of  the  skid  system .  This  is  shown  in  Figure  42. 
The  curve  developed  is  representative  of  a  conventional  skid  system 
being  compressed  at  various  impact  angles  and  having  elastic  and  plastic 
deformation .  For  any  stroke  and  attitude ,  it  is  possible  to  determine 
from  the  graph  how  much  energy  is  dissipated  by  the  conventional  skid . 

The  weight  of  the  skid  is  more  easily  determined  than  the  energy  capability, 
since  tube  failure  is  dictated  by  bending  strength .  Since  the  design  'G' 
level  dictates  a  bending  moment  which  requires  a  particular  section 
modulus,  the  section  modulus  was  increased  in  proportion  with  the  'G' 


Stroke  Length  (in .) 


Figure  42.  Energy  Versus  Stroke  Length  for  Selected  Attitudes 
G  =  3.  5  and  V  =  8  ft/sec. 


level .  The  section  property  of  a  tube  was  then  found  with  minimum 
weight  per  foot .  The  skid  size  was  estimated  as  27.5  feet  of  tubing.  The 
resulting  skid  weight  versus  design  G  limit  is  plotted  in  Figure  43  and 
indicates  a  basic  skid  weight  of  93  pounds , 


4. 6. 2. 2 


Energy-Absorbing  Landing  Gear  Skid 


The  energy-absorbing  landing  gear  skid  concept  used  is  shown  sche¬ 
matically  below. 


Legend: 

A  =  Vertical  Loads 
B  =  Attitude  Loads 
C  =  Side  Loads 
D  =  Drag  Loads 


Fuselage 
Attachment 
\  Points 


Side  Link 


(A,  B,  C) 


Side  Link 
(A.  B.  C) 


Drag 


Link 
(B,  D) 


-Stabilizer  (B) 


Impact  Member  (A,  C) 


There  are  several  links,  each  designed  for  particular  loads.  That  is, 
the  lower  member  is  always  necessary  to  transmit  ground  impact  into 
the  absorbers  for  even  the  side  or  drag  force,  level  impact  condition. 

The  other  links  are  necessary  to  permit  combined  forces  and  attitudes  to 
be  attenuated. 

The  lower  crossmember  is  a  pinned-end  member  that  must  transmit 
running  loads  into  the  absorbers  at  the  ends.  The  first  question  is  that 
of  which  force  levels  to  consider.  If  we  consider  applied  forces  of 
50,000,  100,000,  and  150,000  pounds,  the  fuselage  acceleration  would  be 
from  10G  to  26G  when  the  force  is  added  to  a  3,5G  conventional  skid. 

These  numbers  were  used  to  generate  the  data  by  calculating  the  applied 
loads  in  the  links,  that  would  occur  due  to  50,000,  100,000  and  150,000 
pounds  of  force  at  the  energy  absorbing  landing  gear  lower  surface. 

The  maximum  bending  moments  for  vertical,  and  vertical  plus  side  forces 


SKIDS  (lb) 


were  found  and  compared  with  an  ultimate  stress  of  107,000  psi  to 
determine  section  properties  of  tubes  required .  Again,  minimum  weight 
sections  were  found  from  commercially  available  stock  sizes ,  The  drag 
load  applied  axially  to  the  selected  tubes  did  not  alter  the  section 
properties  required  enough  to  consider  it  necessary  to  change  the  weight, 
The  weight  requirements  would  be: 


Total  Energy- Absorber  Force  (lb 


50,000  100,000  150,000 


l  Weight  (lb) 

Vertical  only 
Vertical  and  side 
Vertical,  side  &  drag 
(weights  shown  are  for  both 
tubes 


The  side  and  drag  links  would  be  necessary  for  at  least  10  percent  of  the 
vertical  force  at  the  energy-absorber  attachment  point.  That  is,  even  if 
only  a  vertical  impact  is  considered ,  some  stabilizing  members  would  be 
necessary.  By  using  the  10  percent  figure  and  the  link  lengths  of  the 
developed  concept,  it  is  possible  to  calculate  the  column  required  for  a 
pinned-end  configuration .  The  links  required  would  be: 


Total  Energy -Absorber  Force  (lb) 


50,000 


Side  and  drag 

links  for  vertical  only 
(weight  for  all  links) 


100,000 


Weight  (lb) 


150,000 


If  the  side  links  are  designed  to  carry  side  loads  generated  by  frictional 
forces,  the  requirements  are  quite  different.  For  an  assumed  30-inch 
link  that  is  attached  15  inches  beneath  the  fuselage  to  the  energy-absorber, 
the  axial  force  in  a  side  link  is  8/10  of  the  force  in  the  energy-absorber. 
Using  the  known  axial  load  with  a  column  configuration,  the  side  link  and 
drag  links  are: 


Side  &  drag  links  for 
side  &  drag  forces 
separately .  (weight 
for  all  links) 


50,000 

100,000 

150,000 

Weight  (lb) 

8.10 

17.30 

25.00 
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Total  Energy-Absorber  Force  (lb) 

■BiMiIilBMiKIlHi 

Side  &  drag  links, 
combined  loads 
(weight/link) 

Weight  (lb)  , 

1,59 

_ 

3.46 

5.20 

The  end  fittings  and  attachments  create  an  additional  weight  of  approxi¬ 
mately  40  percent  for  the  hardware  fabricated .  This  approximates  the 
100,000  pound  force  data;  and  honce,  a  20,40,60,  percent  additional 
weight  penalty  was  applied  to  the  links  for  the  force  levels  assumed .  These 
are  consistent  with  the  ratios  of  the  structural  weights  of  the  links . 


By  tabulating  the  four  various  configurations  possible  for  the  vertical 
impact  only,  the  curves  of  Figure  44  were  developed.  For  each  configur¬ 
ation,  two  lower  links,  four  side  links,  and  four  drag  links  are  included. 
These  are  plotted  against  the  force  levels  of  the  energy-absorber  system . 
The  acceleration  felt  by  the  fuselage  would  be  generated  by  the  assumed 
energy-absorber  system  and  skids .  Consequently ,  if  the  fuselage  is 
"designed"  later  for  15G,  the  energy  absorbers  and  conventional  skid 
will  both  contribute  to  the  total  vehicle  force  required . 


The  curve  generated  was  indicative  of  a  vertical  impact  with  or  without 
aide  and  drag  forces  assuming  that  the  linkages  necessary  were  provided 
at  the  energy-absorber  attachments . 


If  the  attitude  is  to  be  considered,  additional  structure  is  required. 
Stabilizing  links  are  added  to  provide  a  means  of  distributing  the  impact 
forces,  at  up  to  10  degrees  of  pitch,  into  the  energy  absorbers  at  both 
ends .  The  link  between  them  is  designed  for  calculating  the  maximum 
bending  moment  generated  and  calculating  the  tubular  section  required . 


The  size  of  the  stabilizing  link  depends  upon  the  attitude  used  as  a  design 
condition .  A  given  attitude  causes  the  conventional  skid  to  absorb 
different  amounts  of  energy.  Assuming  the  conventional  3.5G,  8-foot- 
per-second  skid ,  the  energy  dissipated  at  various  attitudes  was  found  and 
subtracted,  and  force  estimates  were  made  for  the  attenuators  required 
for  attitude  attenuation .  The  forces  dictate  a  particular  center  of  pressure 
on  the  link,  and  from  this  the  applied  bending  moment  and  bending  stress 
are  calculated.  For  impacts  normal  to  the  stabilizing  link,  the  data  are: 


Total  Energy-Absorber  Force  (lb) 

Attitude 

50,000 

100,000 

_ 150.000 _ 1 

Weight  (lb)  | 

5° 

12.00 

19.34 

200 

10° 

14.78 

22.80 

28.71 

12.5° 

14.78 

25.63 

31.17 
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The  addition  of  side  forces  due  to  friction  generate; 


Total  Energy-Absorber  Force  (lb)  [ 

Attitude 

50,000 

100,000 

150,000 

Weight  (lb)  ! 

5° 

14,78 

22.80 

28.58 

o 

O 

H 

17.35 

28.58 

36.72 

15° 

20.50 

31.17 

47.20 

The  entire  assembly  must  have  interface  structure  that  permits  the  freedom 
of  fore  and  aft  motion  within  the  lower  skid .  The  tube  required  to  permit 
a  sliding  motion  (one  tube  within  the  other)  is  designed  to  carry  the  end 
moments  of  lower  skid  into  the  energy -absorber  pivot  point.  The  addi¬ 
tional  weight  is: 


Total  Energy- Absorber  Force  (lb) 

50,  000 

100, 000 

150, 000 

Weight  (lb) 

15.  24 

25.  54 

29.  11 

The  additional  weight  required  because  of  attitude  requirement  was  de¬ 
termined  by  adding  the  tube  interface  hardware,  stabilizing  links,  and 
side  links  for  the  selected  combined  load  conditions .  The  drag  links  were 
not  added  because  of  their  previous  inclusion  in  the  pure  impact  con¬ 
figuration  .  Figure  45  provides  the  summed  data . 

It  is  possible  to  obtain  an  estimate  of  the  accuracy  of  these  curves  based  upon 
the  fabricated  structure.  For  a  15G  design  with  conventional  skids,  a 
vertical  impact  at  25  feet-per-second  will  r<  quire  an  energy-absorber  force 
of  approximately  75,000  pounds.  From  Figure  44,  this  requires  87  pounds 
of  structure.  The  attitude  of  10  degrees  di  Jtates  107,500  pounds  of  energv- 
absorber  force  and  an  additional  185  pour  *s  for  a  total  of  272  pounds.  Tre 
measured  weight  was  440  pounds,  or  62  ^  .  cent  higher  than  calculated.  At 
this  point  all  components  were  reviewed ,  and  the  calculated  and  measured 
design  criteria  were  compared.  The  data  show  that  all  items  are  con¬ 
sistently  60  percent  low.  The  end  fittings,  bearings,  washers,  bolts  and 
specially  machined  parts  contribute  the  difference  between  the  ideal  cal¬ 
culated  for  an  element,  and  the  practical  hardware  with  appropriate 
attachments.  The  main  bearings  weigh  2  pounds  apiece,  tie  rod  ends 
weigh  approximately  1  pound  apiece,  and  the  end  fittings  at  each  main 
bearing  weigh  pounds.  Consequently,  although  the  structural 
elements  were  in  agreement  with  fabricated  hardware  for  the  one  set  of 
criteria  (tubing  and  joint  structure)  ,  the  end  fittings  and  associated 
hardware  contributed  a  considerable  amount  of  weight.  Since  the  same 
increment  was  apparent  in  all  elements,  the  weight  estimate  curves  were 
adjusted  by  adding  a  60  percent  factor  to  each  curve  shown  in  Figures 
44  and  45 . 
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Structural  Weight  (lb) 


LEGEND 


All  Combined 
Vertical  and  Side 
Vertical 


E/A  FORCE  (thousands  of  lb) 


Figure  45.  E/A  Force  (Total  on  Added  Structure)  vs.  Structural  Weight 


4. 6. 2. 3  Energy-Absorber  Weight 

Data  were  collected  from  ARA  Products  data  sheets  and  translated  into 
parameter  curves  indicating  SEA  as  a  function  of  force  and  stroke 
required  (see  Figure  48)  . 

4. 6. 2. 4  Structural  Weight  of  Fuselage 

To  obtain  an  estimate  of  the  structural  weight  of  the  fuselage  necessary  for 
improved  criteria,  it  was  assumed  that  an  estimated  fuselage  floor  weight 
could  be  calculated  and  compared  with  measured  data  to  establish  a 
baseline  condition . 

The  floor  of  the  UH-1  was  approximated  by  4  shear  beams  of  12-inch 
height.  The  center  of  gravity  for  the  6600-pound  condition  is  1/5  of  the 
distance  between  the  skids  and  causes  a  maximum  shear  and  bending 
moment  of  42,200  pounds  and  590,000  inch -pounds  at  ultimate  load. 
Assuming  a  semimonocoque  approximation 

V 

f  =ht  =  30*00®  psi  allowable  (52) 

fb  =  ^- =  75,000  psi  allowable  (53) 

From  the  data,  the  shear  web  thickness  is  0 .117  inch  and  the  cap  area  is 
0.164  square  inch .  The  4  beams  assumed  would  then  result  in  a  floor 
weight  of  131 . 3  pounds .  Since  this  is  for  an  8 . 0G  ultimate  (3 . 5G  x  1.5 
factor  of  safety  x  1 .5  ultimate  to  yield) ,  this  implies  a  weight  of  16 .4 
pounds  per  G . 

As  a  check  on  the  assumed  structure ,  it  was  assumed  that  the  crush 
strength  of  the  fuselage  would  be  inferred  by  the  buckling  strength  of 
compression  panels .  For  a  12-inch-deep  pane^yrith  fixed  edges  and  a 
thickness  of  0.117  inch,  the  buckling  stress  is 

oot=.KE<£>2  (54) 

where  K  is  the  buckling  coefficient  of  the  panel  and  the  value  of 
6 . 35  is  used .  This  is  the  asymptotic  minimum  value  for 
a  fixed-edge  plate . 

E  is  the  modulus  of  elasticity  of  aluminum 
t  is  the  panel  thickness 
b  is  the  minimum  panel  dimension 
a  t  =  6,030  psi 

or  for  the  0 . 117  inch  thickness, 
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q  t  =  706  pounds/inch 


For  the  assumed  4  beams  of  70  inches,  the  crushing  force  of  the  fuselage 
would  be  197,000  pounds.  Reference  40  lists  the  crush  strength  as  22 G  for 
a  9,180  pound  vehicle,  or  202,000  pounds.  It  was  therefore  assumed  that 
the  weight  estimate  calculated  indicates  the  additional  weight  required  to 
strengthen  a  fuselage  from  the  given  3 . 5G  design  level  in  bending  up  to 
any  other  level . 

4 . 6 . 2 . 5  Seat  Structure  and  Attenuators 

The  seat  must  attenuate  any  tendency  for  the  seated  man  to  exceed  15G. 

At  the  instant  that  the  vehicle  has  dissipated  as  much  energy  as  the  skids 
will  permit,  a  given  amount  of  impact  velocity  remains.  The  seat  and 
man  must  dissipate  the  energy  dictated  by  that  velocity  in  stroking  a 
seat  absorber .  The  weight  of  the  seat  will  be  dictated  by  the 
energy -absorption  capability  of  the  seat  unit.  That  is,  for  the  absorber 
there  is  a  particular  value  and  for  the  structural  system  that  supports  it 
another  value  which  can  be  used  to  relate  unit  requirements  to  overall 
weight  increase . 

If  15G  is  developed  by  a  200  pound  man  (the  50th  percentile  plus  30  pounds 
of  equipment  and  clothing) ,  and  an  arbitiary  20-pound  crew  seat,  the 
3,300-i?ound  force  level  dictates  a  minimal  weight  unit  for  10  inches  of 
stroke  (specifically,  a  13-pound  unit  with  ai  SEA  of  3,660  inch-pounds  per 
pound)  .  From  the  previous  efforts  using  laiger  units,  it  is  possible  to 
evaluate  the  SEA  applicable  for  seat  structure  added  and  absorber . 

Vertical  attenuation  by  the  energy-absorbing  landing  gear  required  units 
with  an  SEA  of  5,900  inch-pounds  per  pound.  The  weight  of  energy  absorb¬ 
ing  landing  gear  skid  structure  required  to  dissipate  the  vertical  impact 
energy  of  4.55  x  10°  inch-pounds  was  144  pounds,  or  an  SEA  of  3,160. 
Without  additional  data,  it  will  be  assumed  that  the  ratio  of  structural 
weight  to  absorber  weight  will  be  constant  and  can  be  used  for  any  absorber 
required.  Hence,  the  energy  to  be  dissipated  is  evaluated,  a  stroke  is 
calculated,  vnr'  the  weight  is  calculated  using  a  value  of  (3160/5900  x 
3660) ,  1950  inch-pounds  per  pound  for  the  structure.  A  25-foot-per- 
second  impact  dissipated  at  15G  for  the  above  weight  would  require  8.2 
inches  of  stroke  and  a  weight  of  26 .2  pounds.  Hence,  a  weight  of  26.2 
pounds  is  required  to  provide  the  seat  structure,  energy-absorber  attach¬ 
ment  points,  guides,  structural  interface,  etc. ,  in  order  to  sustain  15G 
with  a  200-pound  payload . 

4.6.3  Calculation  Techniques  and  Resulting  Data 

The  trade-off  values  were  calculated  by  using  a  tabular  approach  which 
leads  from  initial  criteria  to  total  weight,  acceleration  response,  and 
DRI,  if  applicable.  The  blocks  of  Figure  47  show  the  operations  that 
were  used  to  generate  the  required  data . 


I.  Input  Criteria 

1.  Vertical  impact  velocity  V  ^  = _ 

2.  Drag  forces  present  Yes _ No _ 

3.  Side  forces  present  Yes _ No _ 

4 .  Attitude  of  pitch  axis  0  = _ 

5 .  Fuselage  height  above  ground  at  impact 

6  = _ 

6 .  Vertical  energy 


E  =  10.2V  ,  E  = 

z 


IV.  Attitude  Requirement 

1 .  Calculate  energy  of  conventional  skid  at  0  and  6 

E0S  = - 

2 .  Calculate  energy  remaining 

E@EA=E"E0S  eqea= - 

3 .  Calculate  energy  to  be  carried  by  absorbers 


E0A  PEA  E9EA 


E0A  = 


4 .  Subtract  contributions  due  to  vertical 
attenuators 

F0  =  F-F/c,  *2  F0  = 


0  =  F  -F/  *2 

e0=e0A-^ea‘2 
5 .  Calculate  stroke  required 


F  /  = 

r  8'EA  - 

En=  _ 

l6/^85  — 


6 .  Assume  same  stroke  as  vertical .  6  „ , 

EA 

find  F8R  force  recluired  F6R/EA  = _ 

7 .  Calculate  energy  absorber  weight 

AWe  = _ 

8 .  Calculate  system  weight  A  ^  S= _ 

Figure  47.  Calculation  Procedure. 
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II.  Conventional  Landing  Gear 

1 .  Select  configuration 

Design  acceleration 
Design  impact  velocity 

2 .  Calculate  force 


FLG  =  6800  GLG 


VLG  = 
VLG  = 


3.  Calculate  stroke  of  landing  gear  d  „  = 


Plastic  stroke 


^LGP  ~ 


4.  Calculate  weight  of  landing  gear  W^q  = _ 

5.  Calculate  energy  dissipated  at  6 

k 

6-  6lg  elg  = - jj 

6.  Calculate  remaining  energy 


ER1  E  "  ELG 


eri 


V .  Seat  Structure 

1 .  Calculate  velocity  change  available 

ER3  =  10.20  (AV)2 

AV  = 

2.  Calculate  incremental  DRI 

ADRI  =  j 

3 .  Select  peak  acceleration 

Gs  = - J 

4.  Calculate  force  of  seat 

\ 

FS  =  250  GS 

F  = 

S  - - 

5.  Calculate  energy  of  seat 

Eg=  389  (AV)2 

ES  =  _ 

6.  Calculate  stroke  required 

T 

II 

CO 

*o 

7 .  Calculate  weight  of  seat  E .  A . 

AWSEA  1 

8.  Calculate  weight  of  seat  and  structure 

AWSS=| 

. . — J 

, 


3 


Conventional  Landing  Gear 


Select  configuration 
Design  acceleration  Gr  G  _ 

Design  impact  velocity  V£G  _ 

Calculate  force 


flg  =  6000  glg 


Calculate  stroke  of  landing  gear  = 

Plastic  stroke  fi^p  =  56LG  ^  = 

Calculate  weight  of  landing  gear  W^q  = 
Calculate  energy  dissipated  at  6 

6-  6LG  elg  =  - 

Calculate  remaining  energy 


BBl"B-ELG 


i  - 

Seat  Structure 

*: 

Calculate  velocity  change  available 

ER3  =  10.20  (AV)* 1 2 3 4 5 6 

AV  = 

Calculate  incremental  DRI 

A  DRI  = 

Select  peak  acceleration 

Calculate  force  of  seat 

C 

co 

ii 

E;  fs = 250  Gs 

.  Calculate  energy  of  seat 

FS  = 

Eg=  389  (AV)2 

Es  = 

Calculate  stroke  required 

6S  = 

Calculate  weight  of  seat  E.A. 

A  WSEA  =  — 

Calculate  weight  of  seat  and  structure 

•• 

AWSS  - 

III .  Energy  Absorbing  Landing  Gear 


1.  Select  percent  of  energy  to  be  dissipated 

PEA  = 

EEA  =  PEA  ER  1  EEA  = 


2.  Calculate  energy  per  absorber 
EEA/4 


e/ea 


3 .  Select  peak  force  to  be  carried  by 

the  structure  F  = _ 

4.  Calculate  force  carried  by  energy  absorbers 

FEA  =  F  "  FLG  FEA  = - 

5.  Calculate  force  per  energy  absorber 

F/EA  =  — 

8 .  Calculate  stroke  of  energy  absorber 

6EA  = - 

7.  Calculate  weight/EA  and  total  weight 

WEA  = - 

8 .  Calculate  weight  of  energy  absorbing  system 

structure  WEAS  = 

9 .  Calculate  Remaining  Energy 

ER2  =  ^1  "  EEA  ER2  = - 


VI .  Fuselage  Structure 

1.  Select  fuselage  design  acceleration  Gg,p  = _ 

2.  Calculate  force  level 


FST 6600  GST  FST  — 

ST- 

3.  Select  limiting  stroke  to  "bottom"  structure 

6  ST  =  — 

4.  Calculate  energy  absorbed  Eg,p  = 

5.  Calculate  residue  ER3  =  Ej^  “  Egj 

6.  Calculate  incremental  v  eight  penalty 

AWorT,  = 


The  input  criteria  are  selected  to  initiate  a  weight  calculation .  The  ver^ 
tical  velocity  at  impact  was,  for  example,  25  feet  per  second.  If  a 
lateral  or  longitudinal  velocity  existed ,  there  were  side  or  drag  forces . 

The  attitude  originally  assumed  was  10  degrees ,  The  fuselage  is  assumed 
to  be  20  inches  above  the  ground  at  impact.  The  total  energy  available 
is  the  kinetic  energy  of  the  entire  vehicle . 

The  conventional  landing  gear  energy-absorption  characteristics  have 
been  calculated  as  functions  of  pitch  attitude .  For  a  selected  skid ,  the 
elastic  stroke  is  determined  in  order  to  be  certain  that  the  skid  deforms 
plastically  as  much  as  the  clearance  between  ground  and  fuselage .  It  is 
desired  that  the  skid  not  rupture .  If  the  skid  does  deform  plastically  over 
the  range  desired ,  the  energy  obtained  is  subtracted  from  that  available 
to  determine  the  portion  available  for  energy -absorbing  skids  and  seat 
energy  absorbers .  The  weight  of  the  skid  comes  from  previously  plotted 
data.  The  vertical  impact  data  is  calculated  first  in  order  to  determine 
the  energy  absorbers  required  for  vertical  impact  only .  The  energy 
absorbers  determined  for  vertical  attitudes  exist  for  any  attitude  criteria 
specified  and  are  supplemented  by  those  required  for  attitude  effects . 

The  energy-absorbing  landing  gear  can  have  any  arbitrary  percent  of 
remaining  energy  to  be  dissipated .  Since  the  system  is  a  4  energy 
absorber  system ,  the  total  remaining  energy  is  divided  by  4  to  evaluate 
one  unit.  If  the  structure  is  to  carry  a  given  G  level,  the  force  the  energy¬ 
absorbing  system  carries  is  in  parallel  with  the  conventional  skid  and  must 
be  accounted  for.  Knowing  the  force  level  and  energy,  the  stroke  is  cal¬ 
culated  to  determine  its  acceptability .  The  weights  of  energy  absorbers 
and  skid  structure  are  evaluated,  one  from  SEA,  the  other  from  plotted  data. 

At  this  point  the  effects  of  attitude  are  evaluated .  The  energy  dissipated 
by  the  conventional  skid  at  a  particular  attitude  is  subtracted  from  the 
total  to  determine  energy  remaining .  Since  the  vertical  energy-absorption 
characteristics  are  known,  the  force  and  energy  required  by  the  "attitude" 
attenuators  are  calculated.  The  additional  weight  is  taken  from  the  plotted 
attitude  weight  increment  curve. 

The  fuselage  structural  segment  was  not  used  since  it  was  determined 
that  the  fuselage  does  not  contribute  significant  energy  absorption  be¬ 
cause  of  the  fuselage  strengths  examined  .  However ,  an  incremental 
weight  penalty  is  required  in  going  from  the  3 . 5G  bending  criteria  to  any 
other  level. 

The  seat  structure  is  subjected  to  any  input  energy  as  an  impulsive  input. 
From  the  remaining  energy  at  fuselage  impact,  it  is  possible  to  calculate 
the  impact  velocity .  Each  seat  must  dissipate  the  energy  generated  by 
the  mass  of  occupant  and  seat.  It  was  assumed  that  a  15G  level  was 
desirable  since  this  should  limit  the  DEI  to  a  level  of  18.  The  stroke, 
weight  of  the  energy  absorber,  and  structure  are  calculated  using  SEA  values. 
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The  results  of  several  calculations  for  the  25-foot-per-second  impact 
with  conventional  skid  landing  gear  are  shown  on  Figure  48 .  Six  configur’- 
ations  were  considered;  energy -absorbing  capability  in  the  seats  alone, 
energy -absorbing  landing  gear  system  alone,  and  a  system  wherein  half 
of  the  energy  was  absorbed  by  the  energy -absorbing  landing  gear  and  the 
remainder  by  the  seats .  Each  of  these  was  then  examined  for  both 
vertical  impacts  only  and  combined  loads . 

4.6.4  Trade-Off  Data  Analysis 

The  data  indicate  that  for  the  Phase  III  UH  skid  type  energy-absorbing  landing 
gear  and  the  parameter  values  assumed,  the  25-foot-per-second  impact  can 
best  be  attenuated  by  the  seats  alone  if  weight  penalty  is  the  only  criterion . 

It  can  also  be  shown  that  the  use  of  a  staffer  landing  skid  creates  even  greater 
weight  penalties. 

Additional  curves  were  generated  for  the  remainder  of  the  velocity, 
landing  gear,  attitude  variations  as  compiled  in  Figure  49.  There  are 
several  significant  points  of  interest  to  be  considered: 

1 .  The  curves  are  shown  as  functions  of  skid  landing  gear  type 
(3.5G,  8  ft/ sec,  &  7.5G,  18  ft/sec)  and  attitude  at  impact. 

The  curves  are  for  minimum  weight  configurations .  The  minimum 
weight  landing  gear  system  to  attenuate  a  37 .5-foot-per-second 
impact  at  0  degrees  is  370  pounds. 

2.  The  detailed  calculations  indicate  that  all  points  at  25  ft/ sec  are 
for  seat  energy  absorption  only.  No  configuration  of  skid  and 
energy-absorber  system ,  with  or  without  combined  loads ,  has  a 
lesser  weight  than  seat  energy  absorption  alone.  At  37.5  ft/ sec, 
the  minimum  weight  is  achieved  by  having  an  energy-absorbing 
landing  gear  system  absorb  as  much  as  possible,  limited  by  an 
assumed  15G  fuselage  and  15-inch  stroke,  and  the  remainder 
absorbed  in  the  seat.  At  50  feet-per-second,  both  energy¬ 
absorbing  landing  gear  and  energy-absorbing  seats  (12  inches  of 
seat  stroke)  are  required  and  cannot  keep  the  DRI  level  below 
22,  which  corresponds  to  approximately  a  50-percent  probability 
of  spinal  injury . 

One  of  the  prime  objectives  of  the  trade-oft  study  was  to  quantitatively 
evaluate  the  effect  of  crash  criteria  upon  energy-absorbing  landing  gear 
design .  This  is  now  partially  possible  in  that  we  have  data  relating 
weight,  simplicity,  and  performance  for  one  particular  design.  The  design 
and  weight  of  the  landing  gear  system  is  a  function  of  impact  velocity, 
attitude,  type  of  conventional  skid,  and  application  of  combined  load. 

As  a  gross  approximation ,  the  end  points  of  the  curves  of  Figure  49 
were  examined  as  if  linearly  related .  That  is ,  it  was  assumed  that  the 
weight  curves  are  linearly  related  between  25  and  50  feet  per  second .  If 
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Weight  ^hundreds  of 


Impact  Velocity  (ft  /sec  ) 

Figure  49.  Weight  Variations  of  Minimum  Weight  Systems. 
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this  were  true,  then  the  skid  configuration  and  addition  or  deletion  of 
combined  loads  would  result  in  a  variation  of  approximately  20  pounds 
per  degree  of  attitude  over  the  entire  velocity  range; 


Jy  =20  lb/deg. 

Similarly,  if  we  examine  the  dependence  upon  velocif  constant  values 
of  skid  type  and  attitude , 


AW 

AV 


=  20  lb/ft/sec 


The  effects  of  adding  combined  loads  and  increased  skid  strength  are 
both  approximately  110  pounds.  Therefore,  the  minimum  weight  landing 
gear  system  has  a  weight  of 


W=W  +  20  (AV)  +  20  (A  8)  +  110  (AC)  +  110  (AG)  (55) 
o 


where  W  =landing  gear  system  weight 


W  =a  reference  weight  which  is  that  of  a  3 . 5G  skid 
designed  for  0  degrees  of  attitude 


AV  =  the  incremental  impact  velocity  over  25  feet  per  second 


A  0  =  the  attitude  angle 

where  A  C  and  A  G  have  values  of  0  or  1  depending  upon  the  existence 
of  a  combined  load  or  stiff  skid . 

If  the  system  is  to  be  designed  for  minimum  weight,  it  is  reasonable  to 
assume  that  a  stiffer  conventional  skid  will  not  be  used.  Additionally, 
it  is  quite  probable  that  combined  loads  will  exist  since  they  are  created 
either  by  velocity  components  or  attitudes  at  impacts .  The  attitude  may 
be  vertical  at  impact,  but  there  will  probably  be  some  drifting  to  generate 
lateral  and  longitudinal  loads .  With  these  assumptions ,  the  equation 
reduces  to  a  variation  of  weight  with  respect  to  velocity  and  attitude  as 
shown  in  Figure  50 . 


The  weight  is  shown  as  percent  of  aircraft  design  weight,  6,600  pounds. 
Hence ,  for  25  feet  per  second  and  a  horizontal  attitude,  the  weight  of  the 
system  is  about  (.05)  x  (6,660)  or  330  pounds. 

Several  other  parameters  are  also  shown  in  Figure  50 .  A  limit  for  energy- 
absorbing  landing  gear  is  shown  as  31  feet  per  second.  For  the  stroke  and 
height  above  the  ground  assumed  for  a  utility  class  vehicle,  an  energy¬ 
absorbing  landing  gear  can  attenuate  an  impact  up  to  only  31  feet-per- 
second  without  exceeding  a  DRI  of  18.  This  would  require  failure  of  the 
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conventional  skid  and  would  stroke  the  energy  absorbers,  but  would  not 
permit  the  fuselage  to  impact.  For  an  impact  of  38  feet-per-second, 
the  limit  for  seat  energy  absorbers  only ,  the  conventional  skid  fails ,  the 
fuselage  impacts,  and  the  seats  crush  12  inches.  Both  energy  absorbing 
landing  gear  and  seats  will  permit  impacts  up  to  41  feet-per-second 
with  failure  of  skids  energy  absorbers,  and  seats.  At  the  ultimate 
velocity  considered  (50  feet-per-second) ,  the  impact  energy  has  been 
dissipated  by  increasing  the  force  levels  of  the  energy -absorbing  landing 
gear.  If  the  residue  over  41  feet-per-second  were  carried  through  the 
structure  and  acted  impulsively  on  the  man,  the  DRI  level  would  be  severe. 
Hence,  the  total  energy  is  dissipated  by  whatever  force  is  required  over 
the  15-inch  stroke,  and  the  resulting  DRI  is  calculated.  That  is,  the  seat 
can  dissipate  a  maximum  amount  of  energy  without  causing  the  man  to 
impact  the  floor  structure .  15  the  residue  energy  is  reduced  by  the 
capability  of  the  seat,  the  remainder  is  used  to  calculate  the  force 
needed  by  the  energy -absorbing  landing  gear  over  the  15-inch  stroke. 

This  is  then  the  minimum  DRI  level  permitted  by  the  seat  and  landing 
gear  system  assumed. 

Several  other  joints  are  plotted  on  Figure  50 .  The  latest  Crash  Survival 
Design  Guide  indicates  that  a  design  pulse  for  rotary-wing  aircraft 
should  have  a  vertical  velocity  change  of  42  f£pt-per-second .  A  recent 
U.S.  Army  Agency  for  Aviation  Safety  paper’  indicates  some 
tentative  crashworthiness  impact  conditions  for  helicopters:  40  feet-per- 
second  along  the  vertical  axis  of  the  vehicle;  and  a  sink  velocity  of  36  feet- 
per-second  flat  impact,  with  sod-type  terrain  at  an  impact  angle  of  up  to 
5  degrees .  These  are  consistent  with  the  combined  loads  assumption  of 
Figure  50,  in  that  they  both  nearly  fall  on  a  constant  percent  of  gross 
weight  line .  This  infers  that  both  impact  conditions  will  generate  the 
same  added  weight  for  protection  •*> ^The  highest  point  shown  (50  feet-per- 
second)  is  from  the  works  of  Rich  .  He  states  that  a  combined  12-inch 
seat  crush  and  12-inch  fuselage  crush  can  provide  an  inertial  response  of 
20G  for  a  50-foot-per-second  impact .  The  inertial  G  will  generate  the 
DRI  specified . 

The  last  point  shown  is  taken  from  Reference  28,  and  is  indicative  of  the 
maximum  velocity  that  can  be  dissipated  by  a  "notched"  energy  absorber 
acting  over  20  inches  when  subjected  to  a  helicopter  design  pulse  and 
supporting  a  sealed  subject. 

The  data  shown  indicate  the  values  currently  being  examined  by  several 
authors  using  crash  data,  energy  data,  and  computer  oriented  dynamic 
analysis  to  infer  capability  or  desirability  of  attenuation  or  crashworthy 
systems . 

The  date  indicate  several  aspects  of  the  attenuation  of  crash  forces .  The 
50-foot-per-second  impact  cannot  be  attenuated  to  a  "tolerable"  level  for 
the  E/A  landing  gear  design  assumed.  If  that  level  were  to  be  protected  against, 
additional  s+roke  would  have  to  be  made  available  perhaps  by  raising  the 
vehicle  further  off  the  ground  for  normal  operations.  Even  if  "optimal" 
characteristics  were  available  for  the  seat  structure  and  landing  gear. 
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44  feec-per-second  would  be  limiting .  Therefore,  it  appears  that  the 
40- to  42-foot-per-second  regime,  could  be  a  realistic  design  level  for 
energy -absorbing  landing  gear  with  seat  absorption ,  The  current  study 
indicates  a  41-foot-per-second  limit  for  the  utility ^jlass  vehicle  equipped  with 
skid-type  landing  gear.  The  recent  data  of  Haley  establishes  40-foot-per- 
second  based  upon  accident  data,  and  theoretical  studies^ indicate  that  the 
42-foot-  per-second  design  pulse  is  compatible  with  the  injury  level  and  stroke 
length  limits  desired. 

The  current  crashworthy  crew  seat  specification  MIL-S-58095  (AV)  indicates 
that  the  design  must  have  energy-absorbing  capability  for  aircraft  crash 
conditions.  Hence,  it  is  not  unreasonable  to  require  seat  capability  in  a  landing 
gear  design  specification .  Secondly ,  the  data  indicate  that  the  energy¬ 
absorbing  landing  gear  system  is  only  efficient  at  the  higher  impact  velocities . 
At  impacts  below  36  feet-per-second,  the  seats  will  carry  all  of  the  impact 
energy  of  man  and  seat  at  minimum  weight.  This  could  be  easily  modified 
if  the  seat  is  also  to  be  armored  or  otherwise  increased  in  weight.  The 
maximum  additional  seat  weight  with  absorber  for  this  analysis  was  41 
pounds.  If  a  seat  weight  greater  than  20  pounds  basic  is  assumed,  the 
dissipation  of  energy  is  less  efficient,  the  input  energy  per  seat  absorber 
is  increased,  and  (with  a  fixed  force  level  and  stroke)  a  more  limited 
capability  at  greater  weight  is  created . 

Another  aspect  of  seat  energy  absorption  is  that  the  seat,  even  if  designed 
to  the  specification,  cannot  dissipate  the  impact  over  12  inches  without 
exceeding  the  18  DRI  value.  It  was  shown  in  Reference  42  that  a  square 
wave  absorber  designed  for  a  20G  plateau  for  the  95th  percentile  man 
requires  11.2  inches.  If  the  force  level  is  reduced  to  15G,  more  stroke 
is  required  and  the  12  inches  will  be  exceeded . 

From  this  information  it  appears  that  the  energy-absorbing  landing  gear 
concept  is  most  efficient,  with  respect  to  weight,  in  precisely  the  region 
where  it  is  required,  above  36  feet  per  second.  The  seat  criteria 
currently  specified  provides  protection  up  to  that  level  with  minimum 
weight.  Above  that  velocity  change,  the  landing  gear  and  seat  must  both 
have  attenuation  capability ,  Therefore ,  since  the  design  pulse  of  42- 
foot-per-second  velocity  change  is  currently  used  as  the  basis  for  crash- 
worthiness  in  both  the  Crash  Survival  Design  Guide  and  Seat  specifica¬ 
tions,  it  is  now  also  consistent  to  use  that  as  the  design  criterion  for 
an  energy-absorbing  landing  gear  system  .  Indeed,  for  that  pulse  it  is 
necessary  to  have  structure,  seat,  and  landing  gear  designed  as  a  system 
to  protect  the  crewmember .  This  type  of  systems  approach  to  crashworthiness 
was  pursued  in  the  structural  crashworthiness  study  described  in  Reference 
40 

A  practical  attitude  requirement  is  more  difficult  to  evaluate  objectively. 

Hence,  the  attitude  criterion  is  not  specified,  and  instead  Figure  50  is 
suggested  as  a  means  of  evaluating  the  importance  of  attitude .  The  data 
indicate  that  the  design  pulse  velocity  and  the  USAAAVS  flat  impact  criteria 
lie  approximately  on  the  9  percent  weight  penalty  line.  If  it  is 
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later  determined  that  the  attitude  is  indeed  more  likely  to  exist  at 
10  degrees  than  the  velocity  at  42  feet  per  second,  then  the  reduced 
velocity  of  32  feet  per  second  could  be  used  for  analysis .  This  should 
result  in  another  configuration  of  the  same  weight  with  similar 
protection  capability .  The  design  would  also  revert  from  energy 
absorbing  skid  to  improved  seat  structure .  In  a  similar  manner ,  if  it  is 
mandatory  to  consider  a  10-degree  attitude  with  the  42-foot-per-second 
velocity,  then  the  12.5 percent  weight  increase  must  be  accepted. 


CHAPTER  5 

CONCLUSIONS  AND  RECOMMENDATIONS 


JONCLUSIONS 


5.1.1  Landing  Gear  Specifications 


There  are  no  quantitative  specifications  for  crash  loads  or  a  crash  en¬ 
vironment  for  helicopter  landing  gear  as  a  particular  structural  entity . 
Landing  gear  are  deigned  to  be  compatible  with  the  normal  landing  impact 
velc  city  and  fuselage  normal  load  factor  limits  of  the  particular  procuring 
agency . 

There  are  dynamic  analysis  techniques  available  to  examine  the  response 
of  elastic  vehicles  coupled  with  dynamic  representation  of  landing  gear 
elements .  These  are  only  used  by  a  limited  number  of  manufacturers  and 
are  proprietary.  The  dynamic  analysis  may  not  be  necessary  in  most 
cases  since  the  current  specification  can  be  satisfied  by  energy  relations 
and  parameters  sucu  as  "efficiency"  as  measured  during  a  drop  test . 

Hence,  through  experience  in  orifice  design  and  drop  test  data  examination, 
the  landing  gear  systems  for  wheel  types  only ,  can  be  designed  without 
rigorous  analyses. 

5.1.2  Energy-Absorbing  Devices 

Many  energy-absorbing  devices  have  been  tested  under  prototype  develop¬ 
ment  conditions .  Data  are  available  for  the  devices  which  establish  the 
analytical  relations  and  measured  material  "properties"  required  for 
design  and  analysis .  However ,  the  data  have  generally  been  collected  over 
a  limited  range  of  forces  and  strokes  with  attendant  difficulties  in 
reliably  extrapolatinr  the  data . 

Three  energy-absorbing  devices  are  available  that  hold  promise  for  incor¬ 
poration  within  any  c-nceptual  system  design.  The  liquid  spring  and  cyclic 
strain  devices  can  be  obtained  from  commercial  sources  that  have 
manufactured  and  delivered  quantities  of  absorbers  having  sufficient 
energy  dissipation,  stroke,  and  force  capability.  Prestressed  honeycomb 
within  a  telescoping  tube  has  been  used  and  has  demonstrated  operational 
capability .  The  use  of  this  technique  is  dependent  upon  the  trade-off 
between  cost  of  design  manufacture  and  maintenance  of  a  "one-shot" 
absorber,  and  the  purchase  cost  of  a  reusable  commercially  available  unit. 

5J.3  Energy -Absorbing  Landing  Gear  Concepts 


It  was  pos  ible,  assuming  a  25-foot-per-second  impact,  to  develop  several 
concepts  for  LOH,  UH,  and  CH  helicopter  classes.  The  concepts  were 
compatible  with  commerically  available  energy  absorbers  and  could  be 
developed  to  limit  the  fuselage  acceleration  to  15G  with  a  reasonable  stroke 
or  static  height  ab  ve  the  ground . 
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The  CH  vehicle  concepts  were  primarily  truss  arrangements  wherein  the 
side,  drag,  and  vertical  loads  could  be  carried  by  appropriate  linkages. 

It  was  shown  that  the  addition  of  combined  loads  creates  a  problem  in 
determining  the  particular  truss  elements  that  must  provide  vertical 
energy  absorption .  However ,  arrangements  can  be  found  to  decouple 
the  combined  loads  from  the  vertical  and  permit  proper  actuation . 

The  skid  concepts  are  more  dependent  on  attitude  than  was  originally 
anticipated.  The  deformation  of  an  elastic  skid  is  dependent  upon  the  point 
of  load  application  and  can  introduce  bending  moment  value  reversals  from 
pure  vertical  impact  analyses .  However  the  inherent  flexibility  of  plas¬ 
tically  deforming  tubes  tends  to  negate  any  strength  or  rupture  problems 
at  ultimate  displacements.  The  tip  load,  or  attitude  at  impact,  significantly 
influences  the  energy  capability  of  the  skid  energy-absorbing  landing  gear 
system . 

Based  upon  the  preliminary  analyses  conducted ,  the  most  promising  con¬ 
cept  of  energy -absorbing  landing  gear  for  the  utility  class,  skid-type 
helicopter  was  considered  to  be  that  using  additional  skids  supported  by 
energy  absorbers  beneath  the  fuselage .  In  this  manner  the  existing  skids 
could  meet  their  design  landing  requirements  without  introducing  problems 
of  direct  compatability  with  high  level  impact  attenuation  systems .  Other 
concepts  investigated  were  originally  judged  to  be  of  heavier  weight,  greater 
complexity  and  relied  upon  the  motions  of  the  conventional  skids  for  activation . 
However,  as  the  design  for  the  "additional"  skid  system  progressed  this 
became  more  and  more  questionable . 

It  was  originally  assumed  that  the  additional  skid  could  function  in  guides 
that  would  carry  the  combined  drag  and  side  force  effects .  Several  con¬ 
figurations  examined  eventually  led  to  the  addition  of  linkages  necessary 
to  carry  the  loads .  The  moments  generated  by  the  side  and  drag  forces 
are  so  large  that  they  force  the  design  into  that  of  axial  load  carrying 
members  or  extremely  large  reaction  load  attachment  points .  Consequently 
the  finished  design  was  extremely  heavy,  making  it  doubtful  that  the 
selected  concept  did  indeed  result  in  the  least  weight  design. 

5.1.4  Trade-Off  Analysis 

The  trade-off  conducted  indicates  the  significance  of  the  relationship  between 
the  energy-absorbing  landing  gear,  fuselage  strength  stiffness  and  energy 
absorption  capacity,  and  seat  crash  force  attenuation  capabilities.  In 
order  to  protect  the  occupant  at  maximum  expected  acceleratio  levels, 
the  analysis  must  consider  all  components  acting  together.  It  is  difficult, 
maybe  impossible ,  to  determine  a  fixed  contribution  required  from  each 
element  for  all  helicopters.  It  may  be  desirable  to  have  a  stiffer  landing  gear 
and  a  crushable  fuselage,  but  the  two  may  be  structurally  incompatible  as  well 
as  heavier  than  necessary  for  a  particular  impact  condition. 

The  trade-off  analyses  were  conducted  to  establish  the  variations  of  crash 
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criteria  parameters  that  would  be  associated  with  a  10  percent  increase  in 
structural  weight.  Based  upon  the  UH  additional  skid  design  results,  it  ap¬ 
pears  that  a  10-percent  weight  penalty  could  provide  protection  up  to  the 
95th  percentile  vertical  impact  while  permitting  appreciable  protection  at 
realistic  attitudes  and  proportionately  reduced  velocities . 

5.2  RECOMMENDATIONS 

1 .  Any  future  research  into  improved  energy-absorbing  landing 
gear  should  consider  the  landing  gear  as  only  one  portion  of  a  total  impact 
protection  system . 

2.  Design  criteria  for  crashworthiness  should  be  separated  into 
various  helicopter  classes  such  as  CH ,  UH ,  and  LOH . 
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APPENDIX  I 

TEST  VEHICLE  DESIGN 


A  full-scale  test  vehicle  was  required  to  conduct  drop  tests  of  the  energy¬ 
absorbing  landing  gear .  The  selection  of  vehicle  characteristics  to  be 
duplicated  was  dictated  by  data  contained  in  "Str^ptural  Analysis  of 
Helicopter  Components  Peculiar  to  Model  UH-1F"  .  Computer  data 
were  available  for  the  following  condition: 


Gross  Weight 


Center  of  Gravity 


6600  pounds 

13.726  x  104 lb-in. -sec2 
2.7815  x  104 lb-in. -sec2 
11.9305  x  l(flb -in .-sec2 


57.5  inches  aft  of  forward  strut 
at  WL  58.65 


This  condition  was  used  as  the  desired  vehicle  design . 

The  design  was  initiated  by  first  finding  a  fore  and  aft  weight  distribution 
that  would  duplicate  the  longitudinal  center-of-gravity  location  and  the 
pitching  moment  of  inertia . 

The  rolling  moment  was  then  duplicated  by  splitting  the  masses  into  two 
units  equidistant  from  the  centerline . 


The  yawing  moment  of  this  configuration  was  too  great  and  required  the 
provision  of  height  in  order  to  generate  the  proper  vertical  center  of 
gravity  and  yawing  moment.  After  several  iterations,  one  configuration 
was  found  that  approached  the  desired  condition  but  would  not  duplicate 
the  yawing  moment  of  inertia; 

lyy  =13.47  x  104 lb-in. -sec2 

1^  =  2.79xl04  lb-in. sec2 

I  =  14.67  x  104lb-in.-sec2 

zz 

This  demonstrated  that  the  four  mass  system  could  not  duplicate  all  three 
correctly  and  that  a  different  configuration  would  be  required .  This  led 
to  the  concept  of  six  masses  as  shown  below; 


It  was  assumed  that  gravel  at  100  pounds  per  cubic  foot  would  be  used  to 
allow  the  capability  of  shifting  the  ballast  as  required  by  detailed  design . 
The  volume  required  to  carry  the  weights  selected  was  determined  and  a 
schematic  was  drawn . 

An  estimate  of  the  structure  required  was  obtained  by  assuming  that  two 
similar  frames  along  the  inside  of  the  fuselage  would  carry  the  applied 
loads.  The  design  acceleration  level  was  15G  and  an  assumed  factor  of 
safety  of  1 . 5  was  used .  The  moment  diagram  developed  is  shown  on  the 
following  page . 


The  structural  schematic  was  then  referred  to  and  the  lengths  of  the 
channel  stock  required  to  support  the  ballast  and  the  landing  gear  were 
estimated.  The  result  was  an  estimate  of  124  feet  of  stock  weighing  910 
pounds .  The  weight  of  structure  based  upon  the  ballast  weights  used  was 
approximately  800  pounds.  Therefore,  the  weight,  center  of  gravity,  and 
inertial  response  characteristics  for  the  ussumed  configuration,  ballast, 
and  structure  seemed  reasonable . 

The  applied  loads  due  to  a  deceleration  of  15G  and  a  factor  of  safety  of 
1 .5  were  applied  to  the  schematic  configuration,  and  a  truss  analysis  was 
conducted .  The  diagonal  members  were  added  as  required  in  order  to 
permit  a  statically  determinate  structural  analysis.  The  internal  loads 
carried  are  shown  in  Figure  51  . 

The  worst  conditions  found  were 

37,300  lb  (T)  L  =  48  in. 

47,000  lb  (C)  L  =  47  in. 

35,265  1b  (C)  L  =  51  in  . 

These  were  examined  to  determine  the  design  condition  (47,000  lb  -  compres 
sion) ,  and  several  standard  structural  sections  were  selected.  After  examin 
ing  weight,  strength,  cost,  and  availability  of  the  various  sections,  it  was 
decided  that  steel  angle  stock  would  be  used .  For  the  primary  longi¬ 
tudinal  bending  members,  i-inch-thick  angle  stock  could  be  used. 

Secondary  or  diagonal  structure  could  consist  of  2-x-2-inch,  i-inch-thick 
angle  stock .  At  this  point  the  vehicle  structure  was  drawn  to 
indicate  the  overall  configuration  (see  Figure  52)  . 

A  detailed  weight  analysis  of  the  structure  was  conducted  to  determine 
the  effect  of  a  steel  construction  and  the  required  location  and  amount  of 
ballast.  Using  an  83-element  representation  of  the  structure,  it  was 
found  that  the  total  structural  weight  would  be  2750  pounds,  leaving  3850 
pounds  for  ballast.  If  all  sand  were  placed  in  a  rectangle  in  the  furthest 
corner  from  the  center  of  gravity,  the  inertial  characteristics  would  be 
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eg  =  13.6  in  .  forward  of  rear  strut 
(vs  .13,5  desired)  . 

At  this  point,  the  preliminary  design  was  considered  to  be  complete,  and 
detailed  analyses  of  joints,  bulkheads  and  fittings  were  conducted  as 
dictated  by  the  landing  gear  systems .  Additional  drawings  and  analysis 
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were  developed  at  each  attachment  point  to  determine  that 
selected  could  indeed  provide  adequate  strength  from  poii  * 
cation  through  the  structure , 


APPENDIX  II 

PARAMETERS  MEASURED 

Several  parameters  had  to  be  measured  to  evaluate  the  system  response; 
the  accelerations  of  the  vehicle  and  the  skids,  the  forces  in  the  skids, 
and  the  output  of  the  energy  absorbers.  With  these  accurately  measured, 
it  is  possible  to  have  a  measure  of  the  inputs  to  the  vehicle ,  force  and 
acceleration ,  and  the  generated  outputs ,  vehicle  motion .  It  was  intended 
to  use  the  input  accelerations  measured  as  computer  input  to  the  digital 
routine  developed . 

If  it  is  assumed  that  the  vehicle  is  a  rigid  body  with  a  plane  of  symmetry, 
it  is  possible  to  calculate  the  rigid  body  motions  using  three  sets  of 
biaxial  accelerometers  and  one  triaxial  accelerometer . 

The  accelerometers  were  mounted  as  shown  schematically  below: 


Accelerometer 

1 

2 

3 

4 


By  locating  the  accelerometers  in  the  above  manner,  it  is  possible  to 
insure  that  the  value  of  all  parameters  p,q,r,p,q,  and  f  can  be 
calculated .  The  equations  of  motion  are  of  the  form 


\  =  Z*  +  Yj  (p+qr)  -  Z^q-pt)  -  Zj  ( p 1  +  qZ) 


Location 

Sensitive  Axes 

X 

% 

O 

o 

(Y.Z) 

(0.  0.  Z2) 

(X,  Y) 

(0,  Y3.  0) 

(X.  Y) 

(0,  0,  0) 

(X.  Y,  Z) 
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Locating  the  accelerometers  at  locations  where  two  coordinates  are  0  per¬ 
mits  calculation  of  p  ,q,r  ,pq,qr ,  and  pr  from  three  linearly  related 
equations.  The  values  of  p,q,  and  r  can  be  calculated  from  the  remain 
ing  equations.  From  the  above  equation, 

\  -  ~  xi  (^pr) 

and  similarly , 

X2  -  Xcg  +  Z3  <c>tPr) 

These  are  solved  for  q  and  pr . 

For  the  locations  and  sensitive  axes  selected ,  there  are  always  two 
accelerometers  that  permit  the  evaluation  of  one  angular  acceleration  and 
a  velocity  product .  The  measurement  at  a  point  is  a  function  of  the  center- 
of-gravity  acceleration ,  measured ,  and  the  angular  effects .  Hence ,  there 
are  a  sufficient  number  of  measurements  to  calculate  all  values  required . 

Corrections  to  the  measured  data  due  to  the  gravitational  field  will  not  be 
required.  The  equations  are  of  the  form  such  that  the  gravitational  con¬ 
tribution  is  contained  on  both  sides  of  the  original  equations  and  the  sub¬ 
traction  of  center-of-gravity  acceleration  from  the  accelerometer  read¬ 
ing  eliminates  gravitational  effects . 

Four  additional  sets  of  triaxial  accelerometers  were  required  at  the  inter¬ 
section  of  the  landing  gear  strut3  and  skids .  In  this  manner  the  acceler¬ 
ations  that  act  as  inputs  to  the  system  can  be  evaluated .  Regardless 
of  the  nature  of  the  impact  surface ,  the  accelerations  measured  are  indicative 
of  the  inpulse  desired . 

Additional  measurements  required  are  force  levels  developed .  While  the 
acceleration  is  indicative  of  the  input,  the  forces  developed  also  provide 
necessary  comparative  data .  The  accelerations  of  the  vehicle  could  be 
used  to  calculate  force  levels,  but  could  not  distinguish  energy-absorber 
force  applied  from  skid  force  applied.  Therefore,  strain  gages  were 
applied  to  the  skids  and  evaluated  under  loads  up  to  failure  during  tests 
conducted  by  Bowser-Morner  Testing  Laboratories . 

The  ARA  energy  absorbers  have  force-displacement  curves  available 
for  each  unit,  and  it  was  decided  to  use  displacement  transducers  to  infer 
force  levels,  rather  than  measure  the  forces  directly.  Force  transducers 
required  for  the  force  levels  to  be  developed  were  very  large  and  would 
create  attachment  problems  in  interfacing  with  the  structure . 

The  transducers  were  located  as  shown  schematically  below .  The  esti¬ 
mated  ranges  for  these  are  200G  for  all  vertical  or  Z-axis  accelerometers 
on  the  skids  and  25G  for  this  component  on  the  frame,  10-15G  for  all  those 
sensing  in  the  X  and  Y  directions,  3600  pounds  for  the  strain  gaged  struts. 


(58) 

(59) 
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and  8  inches  of  travel  for  the  energy  absorbers .  The  flat  frequency 
response  requirement  for  all  of  these  is  100  Hz . 


LEFT-SIDE  STRUCTURAL  FRAME 


Energy -Absorber 
Skid 


□  Energy  Absorber  Transducer 
O  Strain  Gages  /€i 


Tubular  Skid 


TRANSDUCERS 


As  determined,  21  acceleration  measurements  and  4  force  measurements 
were  made.  Strain  gage  accelerometers  were  used  since  they  provide 
adequate  accuracy,  frequency  response,  and  insensitivity  to  transverse 
accelerations  while  still  preserving  the  steady-state  component  of  the 
transient  data .  An  additiomd  benefit  was  accrued  from  their  usage  in 
that  the  output  of  the  strain  gage  bridge  was  sufficient  to  drive  a  low 
frequency  recording  galvanometer  without  requiring  amplification . 

The  skid  support  tubes  were  strain  gaged  and  calibrated  by  a  local  testing 
company.  Preliminary  tests  were  performed  on  a  section  of  supoo^t 
tubing  to  determine  what  strains  would  be  produced,  and  as  a  result,  the 
strain  gage  configuration  required  . 

The  ARA  energy  absorbers  were  provided  with  calibration  curves.  Since 
these  are  resilient  devices,  a  force-time  relationship  was  determined  by 
measuring  the  displacement  as  a  function  of  time  and  referring  to  the 
calibration  curves .  This  method  was  more  economical  than  measuring 
the  force  directly.  Linear  potentiometers,  Datacraft  Model  400's  were 
used  to  determine  the  displacement. 

CONDITIONING  AND  RECORDING 

Since  we  used  all  strain  gage  bridge  type  transducers  and  operated  the 
linear  potentiometers  in  bridge  circuits ,  bridge  balance  and  calibration 
circuitry  were  required.  The  Honeywell  B-12  Excitation  and  Switching 
Units  were  used  for  this  purpose  .  A  regulated  DC  power  supply  pro¬ 
vided  the  bridge  excitation.  The  outputs  from  the  B-12's  were  then 
recorded  on  two  CEC  5-124  oscillograph  recorders  equipped  with  CEC  7- 
345  galvanometers. 

A  comparison  of  the  various  specifications  and  characteristics  of  the 
components  involved  indicated  that  galvanometer-driver  amplifiers  were 
not  required . 

The  conditioning  and  recording  components  were  rented . 

PHOTOGRAPHY 

The  impact  tests  required  two  cameras  for  photometric  purposes  and  one 
to  provide  the  photographic  measurements  necessary  to  determine  the 
impact  attitude  of  the  helicopter . 

CALIBRATION  AND  CERTIFICATION 
System  components  were  calibrated,  and  certification  to  that  effect  was 
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provided.  Datacraft  provided  calibrations  for  their  transducers  which  are 
traceable  to  the  National  Bureau  of  Standards.  The  pertinent  calibration 
data  furnished  was  used  as  our  calibration  standard . 

SYSTEM  CONTROL 

Due  to  the  r 'datively  short  duration  of  the  tests,  provisions  had  to  be  made 
for  synchronizing  the  various  parts  of  the  system .  This  was  done  to  permit 
both  the  cameras  and  the  oscillographs  to  attain  their  proper  recording 
speeds  prior  to  the  time  they  were  to  start  recording,  yet  without 
requiring  the  excessive  use  of  film  or  oscillograph  paper .  This  is  par¬ 
ticularly  important  with  regard  to  the  cameras  since  they  hold  only  100 
feet  of  film, yielding  only  about  2  seconds  of  recording  time.  The  free 
fall  time  of  the  test  vehicle  was  less  than  1  second,  based  on  the  target 
impact  velocity  of  25  feet  per  second.  As  a  result,  manual  control  was 
used.  The  oscillograph  was  started  just  prior  to  the  drop  and  the  cameras 
were  begun  once  the  vehicle  had  been  observed .  The  release  mechanism 
was  manually  actuated . 

INSTRUMENTATION  SYSTEM  DESCRIPTION 

The  system  is  shown  in  block  diagram  form  in  Figure  53.  An  umbilical 
jable  provided  the  transmission  link  between  the  test  vehicle  and  the  rest 
of  the  collection  system .  The  signal  conditioners  and  recorders  were 
mounted  in  a  panel  truck  which  also  served  as  a  chase  vehicle .  System 
power  was  obtained  from  a  portable  generator  mounted  in  the  truck .  A 
separate,  self-contained  power  supply  was  provided  for  the  cameras. 

TEST  VEHICLE  PREPARATION 
TRANSDUCER  MOUNTING 

The  accelerometer  assemblies  were  fabricated  simply  by  using  two  or 
three  accelerometers,  as  appropriate  .mounted  onto  a  metal  cube.  They 
were  attached  to  the  structure  with  machine  screws.  The  strain  gages 
were  bonded  to  the  landing  gear  struts .  The  linear  potentiometers  were 
mounted  in  parallel  with  the  energy  absorbers . 

ATTACHMENT  AND  ORIENTATION 

The  release  mechanism  was  then  attached  to  the  crane  by  a  device .  The 
jaws  were  opened  and  the  vehicle  dropped  when  the  lever  and  cam 
release  was  manually  actuated .  The  helicopter  was  supported  by  a  sling 
arrangement  designed  such  that  the  cables  looped  over  the  frame  structures 
on  both  sides.  By  adjusting  the  cable  lengths,  the  proper  helicopter  orien¬ 
tation  was  achieved.  The  net  result  was  a  mechanism  which  was  completely 
independent  of  the  hoist,  simple  in  construction,  and  amenable  to  adjust¬ 
ment  over  a  wide  range  of  initial  °ttitudes . 
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INSTRUMENTATION  CAMERAS 
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Instrumentation  System. 


TRANSPORTATION  AND  HANDLING 


At  the  test  site  a  crane  was  used  for  loading  and  unloading  st  vehicle 

from  the  flat  bed  truck  which  was  used  to  transport  it  to  ora  Beta. 

WEIGHTING  AND  CENTER  OF -GRAVITY  Db  ^KMiNATION 

The  test  vehicle  structure  did  not  weigh  the  des  -d  total  weight  of  6,600 
pounds  and  some  weighting  was  necessary  .  Sa  was  used  to  provide  the 
desired  weight,  center  of  gravity,  and  moment*  of  inertia.  The  total 
weight  with  ballast  was  verified  by  scales  and  the  moment  of  inertia  was 
based  upon  calculations  previously  established . 

TEST  SITE 

The  tests  were  conducted  at  the  Springfield,  Ohio,  airport.  The  north- 
south  runway  was  used  for  testing .  This  runway  is  not  currently 
active  and  was  available  on  a  noninterference  basis  during  the  test  period . 
The  asphalt  runway  is  5,000  feet  long.  This  provided  a  sufficient  dis¬ 
tance  for  the  crane  to  get  up  to  speed  and  an  adequately  rigid  impact 
surface.  The  runway  was  scheduled  to  be  repaved  shortly  after  the  drops, 
so  no  preparation  was  necessary .  Coordination  was  effected  with  the  air¬ 
port  authorities  to  insure  that  all  local  regulations  were  complied  with . 

The  tower  chief  was  kept  informed  about  the  test  operations  at  all  times 
via  using  citizen  band  walkie-talkies . 
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APPENDIX  III 

COMPUTER  PROGRAM  DESCRIPTION 


A  computer  program  that  solves  the  equations  of  motion  of  a  three-dimensnional 
analytical  model  of  a  helicopter  Riding  gear  system  is  detailed  below .  The 
program  is  written  using  MIMIC  a  and  is  described  by  sections  in  the  following 
paragraphs .  The  program  printout  is  attached  to  this  section 

Section  1  (lines  1  through  14)  Systems  Constants 

This  part  of  the  program  reads  in  constants  that  define  inertial,  angular,  and 
dimensional  values  for  the  vehicle  model . 


Inertia  Constants 
CON  (M,  JP,  JQ,  JR) 
M  =  Mass 

JP  =  Moment  of  inertia 
JQ  =  Moment  of  inertia 
JR  =  Moment  of  inertia 


x  axis 
y  axis 


Initial  angular  rotations  between  body  axis  and  component  axis 

CON  (IA1 ,  IB1,  IC1) 

CON  (IA2 ,  IB2,  IC2) 

CON  (IA3,  IB3,  IC3) 

CON  (IA4,  IB4,  IC4) 

LAj  =  Initial  rotation  between  body  axis  and  landing  gear  component. 
IBj  =  Initial  rotation  between  body  axis  and  landing  gear  component. 
ICj  =  Initial  rotation  between  body  axis  and  j  n  land  gear  component . 

Landing  Gear  Attachment  Location  -  Body  Axis 

CON  (AA,  BA,  CA,  AB,  BB,  CB) 

CON  (AC,  BC,  CC,  A£,  BD,  CD) 

Aa  =  x  dimension  to  a^  landing  gear  attachment 
Ba  =  y  dimension  to  a^  landing  gear  attachment 
Ca  =  z  dimension  to  a1  landing  gear  attachment 

Landing  gear  component  letter  to  number  correspondence 
(A=l,  B=2,  C=3,  D=4) 

Landing  gear  attachment  location  component  axis 

CON  (XC1,  YC1,  ZC1) 

CON  (XC2,  YC2,  ZC2) 

CON  (XC3,  YC3 ,  ZC3) 

CON  (XC4,  YC4,  ZC4) 
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XCj  =  x  dimension  to  j  ^  landing  gear  attachment 
YCj  =  y  dimension  to  j^  landing  gear  attachment 
ZCj  =  z  dimension  to  j  landing  gear  attachment 

The  numerical  values  for  these  constants  are  coded  on  data  cards  with  one  data 
card  for  each  CON  card.  The  format  for  the  data  cards  is  G  fields  of  12  columns 
with  each  field  corresponding  to  an  argument  in  a  CON  statement.  If  the  number 
of  arguments  is  less  than  6,  then  the  data  card  fields  corresponding  to  the  mis¬ 
sing  arguments  are  not  used.  The  constant  values  can  be  coded  in  decimal  or 
exponential  (E  Format)  form,  however,  the  exponent  must  be  right  justified. 

Section  2  (lines  16  thru  27)  System  Parameters 

This  section  of  the  program  reads  in  values  for  model  parameters  that  change 
between  program  runs. 

Initial  velocities  and  displacements 

PAR  (IDB  ,  IXB ,  IDYB ,  IYB  ,  IDZB,  IZB) 

PAR  (IP,  IQ,  IR) 

PAR  (IDXB1 ,  IDYB1 ,  IDZB1,  IDXB2  ,  IDYB2 ,  IDZB2) 

PAR  (IDXB3,  IDYB3 ,  IDZB3 ,  IDXB4,^DYB4,  IDZB4) 

IDaB  =  Initial  velocity  of  body  CG  -  a1  coordinate 
IaB  =  Initial  displacement  of  body  CG  -  a  coordinate 
la  =  Initial  angular  velocit^of  body  CG  -  aL  1  coordinate  ^ 

IDaBj  =  Initial  velocity  of  jTn  landing  gear  attachment  -  ain  coordinate 
(body  axis) 

Landing  gear  component  stiffness  and  damping  terms 

PAR  (Kll ,  K12,  K13,  Bll,  B12,  B13) 

PAR  (K21 ,  K22,  K23,  B21,  B22,  B23) 

PAR  (K31 ,  K32,  K33,  B31,  B32,  B33) 

PAR  (K41 ,  K42,  K43,  B41.  B|^2,  B43)  th 

Kij  =  Stiffness  coefficient  of  l  landing  gear  component  along  j  coordinate 
(component  axis)  ^  ^ 

Bij  -  Damping  coefficient  of  i  landing  gear  component  along  j  coordinate 
(component  axis) 

Landing  gear  touchdown  -  logic  values 
PAR  (ZD1 ,  ZD2,  ZD3,  ZD4)  tb 

ZDj  =  Landing  gear  touchdown  value  j  landing  gear  component 

th 

The  program  will  not  calculate  any  reaction  forces  in  the  j  landing  gear  com¬ 
ponent  if  ZDj<o.  If  less  than  fo  ir  point  impact  response  is  desired,  then  ZDj 
for  landing  gear  components  noc  in  initial  contact  with  impact  surface  must  be 
redefined  as  variables  to  be  calculated  by  the  program . 

The  numerical  values  for  these  parameters  are  coded  and  read  in  the  same  man¬ 
ner  as  the  constant  data  cards .  The  parameter  data  cards  are  located  directly 
behind  the  constant  data  cards . 
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Section  3  (lines  28  thru  50)  -  Landing  Configuration  Logic 

The  landing  gear  component  that  is  in  contact  with  the  impact  surface  and  its 
reaction  forces  are  determined  in  this  section  of  the  program . 

Fij  =  Force  developed  in  the  i**1  landing  gear  component  along  co¬ 
ordinate  (body  axis) 

Landing  gear  component  number  to  coordinate  correspondence 
(l=x,  2=y ,  3=z) 

Section  4  (lines  52  thru  86)  -  Equations  of  Motion  -  Rigid  Body  CG 

This  portion  of  the  program  solves  the  six  second  order  differential  equations 
of  motion  for  the  rigid  body's  center  of  gravity  . 

tti 

ZDaB  =  Linear  acceleration  of  ^  body  axis  coordinate 
Da  =  Angular  acceleration  of  aul  body  axis  coordinate 

Section  5  (lines  87  thru  137)  -  Equations  of  Motion  -  Landing  Gear  Attachment 
Points 

The  differential  equations  of  motion  for  the  landing  gear  attachment  points  are 
solved  in  this  part  of  the  program  . 

th  th 

2DaBj  =  Acceleration  of  the  a  coordinate  at  the  j  attachment  point. 
Section  6  (lines  138  thru  162)  -  Rotation  Angle  Equations 

This  section  of  the  program  calculates  the  Euler  angles  between  the  body  axis 
and  each  of  the  component  axes . 

th 

Aj  =  i|/  ratation  between  the  body  axis  and  tj^e  j  component  axis 
Bj  =  6  rotation  between  body  axis  and  the  component  axis 
Cj  =  0  rotation  between  body  axis  and  the  j  component  axis 

Section  7  (lines  163  thru  193)  -  Initial  Coordinate  Transformation 

In  this  section  of  the  program ,  the  initial  body  axis  coordinates  are  transformed 
into  component  axis  coordinates . 

til 

Xj  =  Component  axis  X  coordinate  at  j  ^  connection  point 

Yj  =  Component  axis  Y  coordinate  at  connection  point 

Z,j  =  Component  axis  Z  coordinate  at  j  connectior^oint 

DXj  =  Velocity  of  component  axis  X  coordinate  at  j  ^  connection  point 

DYj  =  Velocity  of  component  axis  Y  coordinate  at  connection  point 

DZj  =  Velocity  of  component  axis  Z  coordinate  at  j  1  connection  point 

Section  8  (lines  194  thru  239)  -  Element  Resultant  Vector  Magnitude  -  Component 
Component  Coordinate  System 
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Landing  gear  attachment  point  location  vectors  are  calculated  in  this  part  of 
the  program ,  and  then  used  to  determine  the  displacements  and  velocities  of 
the  attachment  point . 

ERij  =  The^k*1  comPonent  t*ie  location  vector  at  the  a^achment  point 
Dij  =  The  j  component  of  the  displacement  vector  at  the  1  attachment 
point  ^  th 

DDij  =  The  j  component  of  the  velocity  vector  at  the  1  attachment  point 

Section  9  (lines  240  thru  291)  -  Element  Force  Equations 

This  portion  of  the  program  calculates  the  landing  gear  forces  in  the  component 
coordinafc  system . 

FCjX  Force  in  X  direction  at  attachment  point 
FCjY  =  Force  in  Y  direction  at  attachment  point 
FCjZ  =  Force  in  Z  direction  at  j  1  attachment  point 

Section  10  (lines  292  thru  345)  -  Back  Transformation  Component  Axis  to  Body 
Axis 

In  this  section  of  the  transformation  matrix  that  transforms  component  coordinates 
into  body  coordinates  is  calculated  and  used  to  determine  the  landing  gear  forces 
in  the  body  coordinate  system . 

th  th 

Taij  =  The  ij  element  of  the  matrix  that  transforms  the  a  component 

Landing  gear  component  letter  to  number  correspondence 

(A=l,  B=2,  C=3,  D=4) 

th  th 

Faj  =  Force  in  the  am  direction  at  the  j  attachment 

The  remaining  portions  of  the  program  are  used  to  determine: 

Print  interval 
Integration  step  interval 
End  of  run 

Variable  to  be  printed  and/or  plotted 

The  instructions  for  changing  any  ^  the  statements  in  this  section  can  be  found 
in  the  Mimic  Programming  Manual  . 
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♦♦♦MIMIC  SOURCE-LANGUAGE  PROGRAM*** 
VERSION  1  10/01/68  MOD  LEVEL  0001 


SYSTEM  CONSTANTS 


CON 

(M, JP,J0, 

JR) 

-1 

CON 

(IA1 

,  IB1, 

IC.O 

t 

j 

CON 

( IA  2 

,102, 

IC2 ) 

* 

f 

CON 

( IA3 

,103, 

IC3’) 

1 

CON 

(IA4 

,IB4, 

IC4) 

1 

CON 

(AA, 

BA,CA 

,  A  B ,  BB , 

CD) 

CON 

(AC, 

BC  ,CC 

,  A D  , BD , 

CD) 

CON 

(XC1 

,  YCl, 

ZC1) 

i 

CON 

(  XC2 

» YC2, 

ZC2) 

CON 

CXC3 

,  YC3 , 

ZC3) 

CON 

(XC4 

,YC4, 

ZC4) 

SYSTEM  PARAMETERS 


PAR(I0XQ,IXB,I0YB,IY9,I0ZB,  IZ8) 

PAR ( IP » IQ, IR) 

PAR(IDXB1,IDYB1,IDZ91,IQXB2»IDYB2»IDZB2) 
PAR(I0XB3,IDYB3,IDZP3,IDXB4,IDYB4,IDZB4) 
PAR(K11,K12,K13,B11, 912,813) 

PA R(K21,K22,K23,BE1, 822,523) 
PAR(K31,K32,K33,B31,B32,B33) 

PAR  ( K41, K42,K4 3, B41, 942,043) 
PAR(Z01,Z02,ZD3,Z04) 


LANDING  CONFIGURATION  LOGIC 


L  VI 
LV2 
LV3 
LV4 
I 

J  ... 

K 


FSWtZDl, FALSE, FALSE, TRUE) 
FSH(Z02, FALSE, FALSE, TRUE) 
FSW(ZD3, FALSE, FALSE, TRUE) 
FSW (ZD4, FALSE, FALSE, TRUE) 
LSW (LV1 ,1* ,0 • ) 

LS.W  ( LV2 , 1  •  *  0  •  ) 
LSW(LV3,1.,0.) 


1 

K 

L 

LSH(LV4,1.,0. ) 

1 

f 

f 

Fll 

FX1*I 

j 

1 

( 

F 12 

FY1*  I 

| 

* 

y 

F 13 

FZ1*I 

l 

F.21  _ 

.  FX2*J _  _ 

I 

* 

£ 

F22 

FY2*  J 

i 

\ 

F23 

FZ2»J 

* 

; 

j: 

{ 

1 

1 

F  31 

FX  3*K 
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i 

1 

V 

< 
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F32  FY3¥K 

F33  FZ3*K 

F41  FX4*L 

F42  FY4*L 

F43  FZ4*L 

EQUATIONS  OF  MOTION  -  BODY  CRDT.  SYSTEM 
G  32.2 

2DXB  (  +  F11  +  F21  +  F31  +  F4D/M 

10X3  INT  (20XB,IDXB) 

XB  INT (10X9,1X3) 

20Y3  (+F12  +  F22+F32  +  F42) /M 

1DY3  INT (20Y9,IDYB; 

YD  INT (10Y9,IYR) 

2DZB  (  +  Fi3  +  F23<-F3  34-F43fM*G)/H 

10Z9  INT ( 2Q  Z3, IOZB) 

ZB  INT (1DZ8,IZB) 

0P1  (BA*F13>BB*F234-0C*F334-3D*F43)  /JP 

DP2  (-CA*F12-CB*F22-CC*F32-C0*F42) /JP 

DP  DPH-0P2 

P  INT (OP, IP) 

PDISP  INT (P,  0.1 

DQ1  (-AA*F13-AB*F23-AC*F33“AD*F43)/JQ 

0Q2  (CA*F11+CB*F21+CC*F?14-OO^F41>  /JQ 

OQ  D01+DQ2 

Q  INT ( DQ , IQ) 

QDISP  INT (Q , 0  * ) 

0R1  (-BA*Fll-BB*F2i-BC*F3i-80*F41>/JR 

DR2  (AA*F12+AB*P22+AC#F32+A0*F42) /JR 

DR  DR1+0R2 

R  INT(DR,IR:i 

ROISP  INT (R , 0 . ) 

DU  20XB 

U  1DXB 

DV  2D  YB 

V  ID  YB 

DH  20ZB 

W  IOZB 

2DX31  OU+Q*W-R*V+CA*(DQ*R*P)-0A* (DR-Q*P) -A A* (Q*Q*R*R) 

1DXB1  INT (2DXB1,IDXB1) 

XB1  INT (10X81,1X9) 

I XB1  INT (1DXB1,Q. , TRUE ,1 V 1 ) 

2DY31  DV+R*U-P*W*AA*  (0R+P*Q)-CAMDP-R*Q)-3A*  (R*R+P*P) 

1DYB1  INT (2DYB1,IDYB1) 

YB1  INT (10Y91,IYB) 

I YBl  INT(1DYB1,0. ,TRUE,LV1) 

20ZB1  DW  +  P*V-Q*U+8AM0P+Q*R)-AA*(0Q-P*R)  -CA*  (P*P  +  Q*Q) 

1DZ81  INT(2DZBl,I0ZBi: 

ZB1  INT (10ZB1,IZ9) 

IZB1  INT (10 ZB 1,0. ,TRUE,LV1) 
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2DX9  2  0U+Q*W-R*V+CB*(0Q*R*P)-B8*  (DR-Q*P)-AB*  (Q*Q+R*R> 

1DXB2  INT (2DXB2,I0XB2> 

XB2  INT (10XB2,IXB) 

IXB2  INT(1DXB2,Q«  , TRUE,LV2) 

20Y8  2  DV*R*U-P*W+A8*  (0R+P*Q)  -CB*  (DP-R*Q)  -BB*  (R*R*P*P) 
1DY82  INT (2DYB2,IDYB2) 

YB2  INT ( 10Y  B2» IYB) 

I YB2  INT (1DYB2,Q. , TRUE, LV2) 

20ZB2  DW+P*V-Q*U+8B* (DP+Q*R)-AB*  (DQ-P*R)-CB* (P*P+Q*Q) 

1DZB2  INT (20ZB2,IDZB2) 

ZB2  INT (1DZB2»IZ8) 

IZB2  INT (1DZB2»Q.»  TRUE, LV2) 

2DXB3  OU+Q*W-R*V+CC*  (DQ*R*P)-BC*  (OR-Q*P>  -  AC*  (Q*Q*R*R) 
1DXB3  INT (20X83,10X03) 

XR3  INT (10X83, IXB) 

IXB3  INT  (1DXB3,Q.  ,  TRUE ,  LV3 ) 

20Y8  3  OV  +  R*U-P*m-AC* (OR«-P*Q) -CC* (DP-R*Q> -RC*  (R*R+P*P> 

1DY33  INT  (20YB3,IDYB3) 

YB3  INT ( ID Y  B3 , IY  8 ) 

I YB3  INT (1DYB3,0. , TRUE, LV3) 

2DZB3  DW+P*V-Q*U*3C* (DP+Q*R>  -  AG* (DQ-P*R> -CC* (P*P+Q*Q) 

1DZB3  INT (2DZB3,I0ZB3) 

ZB3  INT (10ZB3,IZB) 

I ZB3  INT(1DZB3,0.,T  RUE , L  V  3 ) 

20X84  DU  +  1*W-R*V«-CD* ( OQ«-R* P) - BO* ( DR-Q *P) -AD*  (Q*Q+R*R) 

10X34  INT (20X84,10X84) 

X  84  INT(10XB4,IXR) 

IXB4  INT  ( IQ  XB4 , 0 •  ,  TRUE , LV4 ) 

20YB4  DV*R*U-P*W«-AQ*  (OR+P*Q>  -CD* (DP-R*Q) -BO* ( R*R+P*P> 

10YB4  INT ( 2D Y 04 , 10 Y 94 ) 

YB4  INT (10YB4,IYR) 

I YB4  INT  ( 1 0  Y  34 , 0 «  ,  TRUE , IV4 ) 

2DZB4  DW  +  P*V-Q*U+BD*  (OP«-Q*R)  -  AD*  <DQ-P*R> -CD* <P*P+Q*Q> 

1DZB<*  INT  (20ZB4,IOZB4) 

ZB4  INT (1DZQ4,IZR) 

IZB4  INT (1DZB4,Q. , TRUE,LV4) 

ROTATION  ANGLE  EQUATIONS 
A  -  PS1 
8  -  THETA 
C  -  PHI 

OA  Q*SIN( A) /COS (8)+R*C0S (A) /COS(P) 

A  INT ( OA  ,  0  •  ) 

OB  Q*C0S(C)-R*SIN(C) 

3  INT ( 08 , 0 • ) 

OC  P+Q*SIN(B)*SIN(C)/COSO)  +  R*SIN(B)  *C0S(C)  /COS(R) 

C  INT ( DC  ,  C  « ) 

PI  3.141592653 

A1  A«-IA1 

A°  A+IA2-PI 

A3  A«-IA3 

A4  A+IA4+PI 
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01  B4-I81 

92  8*182 

B3  B*IB3 

94  B«-IB4 

Cl  C  +  ICl 

C2  C*IC2 

C3  C*IC3 

C4  C*IC4 

INITIAL  COORDINATE  TRANSFORMATION 
DISPLACEMENT  TRANSFORMATION 
XI  COS <IAl)*IXBl*SlN(IAi:»IYBi 

Y 1  -$IN(IA1)*IXB1+C0S(IA1)  *  I  YB1 

Z1  IZB1 

X  2  COS(IA2)*IX92  +  SIN(IA2)*IYB2 

Y2  -SIN(IA2)*IXB2+C0S(IA2>*IYB2 

Z2  IZB2 

X  3  COS(IA3)*IX93*SIN(IA3)*IYB3 

Y 3  -SIN(IA3)*IXB3*COS(IA3)  *IYB3 

73  IZB3 

X  4  C0S(IA4)*IX94  +  SIN<IA4)»IYB4 

Y  4  -SIN<IA4)*IX84*C0S<IA4> *IYB4 

Z4  IZB4 

VELOCITY  TRANSFORMATION 

0X1  (C0S(IA1)*1DX81+SIN(IA1)*1DYB1) *1 

DY1  (-S1N (IA1)*1DXB1+C0S (IA1) ♦1DY91)*I 

DZ1  '1QZ81)*I 

DX2  (COS(IA2)»10),32*SIN(IA2>*1DYB2>  *J 

CY2  (-SIN ( IA2I *10X92*C0S (IA2) *10YB2> *J 

DZ2  (10ZB2) *  J 

DX3  (C0S(IA3)*1DXB3+SIN(IA3)*1DYB3)*K 

0Y3  (-SIN(IA3)*10XB3*C0S(IA3)*1DYB3)*K 

0Z3  ( 1DZB3 ) *K 

DX4  (C0S(IA4)*1DXB4*SIN(IA-*)*1DY84)  *L 

0Y4  (-SIN(IA4>*1DXB4+C0S ( IA4)  *10X04) *L 

DZ4  (1DZB4)*L 

ELEMENT  RESULTANT  VECTOR  MAGNITUDE 
COMPONENT  CRDT .  SYSTEM 

ER11  SQR ( (XCl+Xl)  MXCH-X1)  +Y1*Y1  +  Z1*Z1> 

ER12  SQR(X1*X1+  (YC1  +  Y1)  *  (  YCl  +  Yl)  +  Z1*Z1> 

ER13  SQR(X1#X1*Y1*Y1*(ZC1-Z1)MZC1-Z1)  ) 

ER21  SQR(  (XC2  +  X2)  M XC2+X2) *Y2* Y2+Z2*Z2) 

ER22  SQR  <X2*X2-MYC2*Y2)MYC2  +  Y2)  +  Z2*Z2> 

ER23  SQR(X2*X2  +  Y2*Y2+(ZC2-Z2)  * (ZC2-Z2) ) 

ER31  SQR( (XC3+X3) * ( XC3+X3 > +Y3* Y 3+ Z3*Z3> 

ER.32  SQR(X3*X3*  (YC3*Y3)MYC3  +  Y3)*7  3*73) 

ER33  SQR(X3»X3*Y3*Y3+(ZC3-Z3) * (ZC3-73) ) 

ER41  SQR(  (XC4+X4)  MXC4  +  X4)  + Y4* Y4*Z4* Z4> 

ER42  SQR(X4*X4+  (YC4  +  Y4)* (YC4  +  Y4) +  Z4*Z4> 

ER43  SQR(X4*X4  +  Y4*Y4MZC4-Z.*>  *  (ZC4-Z4)  ) 

DISPLACEMENT  EQUATIONS 
Dll  XC1-ER1 1 
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012  YC1-ER12 

013  ER13-ZC1 

021  XC2-ER21 

022  YC2-ER22 

023  ER23-ZC2 

031  XC3-ER3 1 

032  YC3-ER32 

033  ER33-ZC3 

041  XC4-ER41 

042  YC4-ER42 

043  ER43-ZC4 

VELOCITY  EQUATIONS 

0011  - ( DX 1 *  (XC1+X1) +DY1*Y1+DZ1*Z1) /ER11 

0012  -(0X1*X1+0Y1*(YC1+Y1) +  DZl*Zl)/ER12 

0013  -(DX1*X1+DY1*Y1+DZ1* (ZC1-Z1)  )  /ER13 

DD21  -(0X2* (XC2+X2) +DY2* Y 2  +  D Z 2  * Z 2 ) /ER21 

0022  -(0X2*X2+0Y2*  < YC2  +  Y2) +DZ2*Z2) /ER22 

0023  -(0X2*X2+0Y2*Y2+0Z2* (ZC2-Z2) > /ER23 

0031  -(0X3* (XC3+X3)+DY3*Y3+0Z3*Z3)/ER3l 

0032  -(DX3*X3+DY3*  < YC3  +  Y3) +DZ3*Z3)  /ER32 

0033  -(OX3*X3+OY3*Y3  +  D73MZC3-Z3)  >  /ER33 

0041  -(0X4* ( XC4+X4) +0Y4*Y4+DZ4*Zh) /ER41 

0042  -(OX4*X4  +  OY4*  (YC4  +  Y4)  +DZ‘+*Z4  )  /ER42 

DD43  -<0X4*X4+DY4*Y4+DZ4* CZ34-Z4) ) /ER43 

ELEMENT  FORCE  EQUATIONS 
COMPONENT  CROT  SYSTEM 

FC1XA  (Kll*0ll+911*Q0ll)*(XCl+Xl) /ER11 

FC1XB  (K12*D12+B12*0012)*X1/ER12 

FC1XC  (K13*D13+B13*0013)*X1/ER13 

FC2XA  (K 21* 021+821 *0021) *<XC2+X2> /ER21 

FC2XB  (K22*022+B22*0022) *X2/ER22 

FC2XC  (K23*023+B23*0D23)*X2/tR23 

FC3XA  (K31*031 >B3 1*0031)* ( XC3+X3) /ER31 

FC3XB  (<32*D32+B32*0032)*X3/ER32 

FC3XC  (K33*033+B33*0D33)*X3/ER33 

FC4XA  (K41*D4 1+841*0041) *(XC4+X4> /ER41 

FC4XB  (K42*042+B42*0042)*X4/ER42 

FC4XC  (K43*043+B43*0043)*X4/ER43 

FC1X  FC1XA+FC1XB+FC1XC 

FC2X  FC2XA+FC2XB+FC2XC 

FC3X  FC3XA+FC3XB+FC3XC 

FC4X  FC4XA+FC4XB+FC4XC 

FC1YA  (K1 1*011+611*0011) *Y1/ER11 

FC1YB  (K12*012+812*0012)*(YC1+Y1)/ER12 

FC1YC  (K13*013+B13*0013)*Y1/£R13 

FC2YA  (K21*021+B21*0021)*Y2/ER21 

FC2YB  (K 22*022  +  622*0022)  MYC2  +  Y 2)  /ER22 

FC2YC.  (K2-3*02  3+B23*0023)  *Y  2/ER23 

FC3YA  (K31*031+B31*0D31) 'Y3/ER31 

FC3YB  (K32*D32+B32*0J32)*(YC3+Y3)/ER32 

FC3YC  (K33*033+B33*0033)*Y3/ER33 


189 


FC4YA 

FC4YB 

FC4YC 

FC1Y 

FC2Y 

FC3Y 

FC4Y 

FC1ZA 

FC1ZB 

FC1ZC 

FC2ZA 

FC2ZB 

FC2ZC 

FC3ZA 

FC3ZB 

FC3ZC 

FC4ZA 

FC4ZB 

FC4ZC 

FC1Z 

FC2Z 

FC3Z 

FC4Z 

BACK 

TA11 

TA12 

TA13 


(K4l*D4l+B41»DD41) *Y4/ER41 
^42*042  +  942*00*42)*  (YC4  +  Y4)  /ER42 
(K43*D43+ 94 3*0043) *Y4/ER43 
FC1YA+FC1YB+FC1YC 
FC2YA+FC2Y9+FC2YC 
FC3YA+FC3YR+FC3YC 
FC4YA+FC4YB+FC4YC 
(K  11*011  +  611  *001 1)*Z1/ERU 
(K12*012+B12*0012)*Z1/ER12 
(K13*013  +  B13*0013)*(  ZC1-ZD/ER13 
(K 2 1*0 21+821* 0021) *Z2/ER21 
(K2 2*0 2 2+822*0022) *Z2/ER22 
(K2 3*02 3+02 3* 0023) * < ZC2-Z2) /ER23 
(K31*031+B31*0031) +Z3/ER31 
(K32*032+B32*0032)*Z3/ER32 
(K3  3*0 33  +  833*0033) ♦<  ZC3-Z 3)  /ER3 3 
( K4 1*041+041* 0041 ) *Z4/ER41 
(K4 2*0 42+842* 0042) *74/ER42 
(K4 3*04 3+843*0043) * (ZC4-Z4) /ER43 
FC1ZA+FC1ZB+FC1ZC 
F02ZA+FC2ZB+FC2ZC 
FC3ZA+FC3ZB+FC3ZC 
FC4ZA+FC4ZB+FC4ZC 

TRANSFORMATION  COMPONENT  AXIS  TO  BODY  AXIS 
COS (81) *COS (Al) 


COS (Bl) *SIN (Al) 
-SIN(Bl) 


T  A21 

SIN 

(Cl) 

*SIN 

(Bl) 

♦COS 

(  Al) 

-COS 

(Cl) 

♦SIN 

( Al) 

TA22 

SIN 

(Cl) 

*SIN 

(81) 

♦SIN 

( Al) 

+  COS 

(Cl) 

♦CDS 

(Al) 

T  A  23 

SIN 

(Cl) 

*COS 

(Bl) 

TA31 

COS 

(Cl) 

*  SIN 

(Bl) 

♦COS 

(91) 

+  SIN 

(Cl) 

♦SIN 

(Al) 

TA32 

COS 

(Cl) 

*SIN 

(81) 

*SIN( Al) 

-SIN 

(Cl) 

♦CDS 

( Al) 

TA33 

COS 

(Cl) 

*C0S 

(Bl) 

T  811 

COS 

(B2 ) 

*COS 

( A  2 ) 

T  812 

COS 

( B2 ) 

*SI  N 

(  A2) 

TB13 

-SI 

N  ( 92 

) 

TB21 

SIN 

( C2 ) 

♦SIN 

( B2 ) 

♦COS 

(A2) 

-COS 

<C  2) 

♦SIN 

( A2) 

TB22 

SIN 

(C2) 

*  SI  N 

( B2 ) 

♦SIN 

(  A2) 

+  C0S 

(C2) 

♦COS 

( A2) 

TB23 

SIN 

( C2 ) 

*C0S 

(02) 

TB31 

COS 

( C2 ) 

*SIN 

(  B2) 

♦COS 

(82) 

+  S  IN 

( C2 ) 

♦SIN 

(A2) 

TB32 

COS 

(C2 ) 

*SIN 

( B2 ) 

♦SIN 

( A  2 ) 

-SIN 

(C  2) 

♦COS 

( A2) 

T  033 

COS 

( C2 ) 

*C0S 

(  B2 ) 

TRANSFORMAT  I 

ON  MATRI 

X  ELEMENTS 

TC11 

COS 

( B3 ) 

*C0S 

(A3) 

TC12 

COS 

(83) 

*SIN 

(A3) 

TC13 

-SI 

N(B3 

) 

TC21 

SIN 

( C  3 ) 

*SIN 

( B3) 

♦COS 

(A3) 

-COS 

(C3> 

♦SIN 

(A3) 

TC22 

SIN 

( C  3 ) 

*  SIN 

(83) 

♦SIN 

(A3) 

+  C0S 

(C3) 

♦COS 

(A3) 

TC23 

SIN 

(C3 ) 

♦COS 

(  B3) 

TC31 

COS 

(C3 ) 

*SIN 

(83) 

♦COS 

(83) 

+  S  IN 

(C3) 

♦SIN 

(A3) 

r  C  32 

COS 

( C  3 ) 

*SIN 

(83) 

♦SIN 

(A3) 

-SIN 

(C  3  > 

♦CDS 

(A3) 
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«»»>,  s  w*’>^  w»; 


L 


TC33 

CJS  <C3>  *CO$(B3) 

TOU 

COS (84) *COS(A4> 

TD12 

COS (B4 ) *  S IN ( A4 ) 

T013 

-SINCB4) 

T021 

SIN(C4)*SIN(84)*C0S(A4)-C0S(C4) 

♦SIN ( A4 ) 

1022 

SiNICkJ  *SIN<B41*SIN(A4)4-C0S(C4> 

♦CQSIA4) 

TD23 

SIN (C4 ) *C0S ( B4 ) 

TD31 

COS  <C4>  *SIN<84)  *C0S(  B4)  4-SIN  (C4) 

♦SENCA4) 

TD32 

COS (C  4 ) *SIN(B4)*SIN(A4)-SIN(C4) 

♦CDS  t A4) 

TD33 

COS<C4) *C0S(B4> 

force 

EQUATIONS  -  BODY  CRDT.  SYSTEM 

fxi 

TAH*FClX4-TAl2^FCiY4-TA13*FClZ 

FYl 

FZ1 

FX2 

FY2 

FZ2 

FX3 

FY3 

FZ3 

FX4 

FY4 

FZ4 

OT 

DTMIN 


TA21*FC1X4-TA22*FC1Y4-TA23*FC1Z 
TA31*FC1X+TA32*FC1Y+TA33*FC1Z 
TB11*FC2X+TB12*FC2Y+TR13*FC2Z 
TB21*FC2X4-TB22*FC2Y4-TB23*FC2Z 
TB31*FC2X4-TB3  2*FC2YHB33*FC2Z 
TC11¥FC3X+TC124FC3Y+TC13*FC3Z 
TC21*FC3X4-TC22*FC3Y+TC23*FC3Z 
TC31*FC3Xf TC32*FC3Y+TC33*FC3Z 
TDll*FC4X«-TD12*FC4Yf  TD13*FC4Z 
T021*FC4X*TD22*FC4Y+TD23*FC4Z 
T031*FC4X+T032*FC4Y+TD33*FC4Z 
.01 
.  0001 
FI  N  ( T  *  2  •  ) 

OUT(T, Z1,Z2,Z3,Z4) 
0UT(FX1,FY1,FZ1,FX3,FY3,FZ3) 

OUT (FX2,FY2,FZ2,FX4, FY4,FZ4> 

OUT (FC1X,FC1Y,FC1Z,FC3X,FC3Y,FC3Z) 
OUT (FC2X,FC2Y,FC2Z,FC4X,FC4Y,FC4Z) 
OUT (XB, Y0,ZR,PDI3P,Q0ISP,RDISP) 

OUT (20XB,1DXB,2DYB, 1DYB,  2DZB, 1DZB) 
OUT (P,Q,R,A,BfC) 

PLO(T,  ZB,POISP,FZl,FZ3) 

END 
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